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Summary

The tumor suppressor BRCA2 is thought to facilitate the handoff of ssDNA from replication 

protein A (RPA) to the RAD51 recombinase during DNA break and replication fork repair by 

homologous recombination. However, we find that RPA-RAD51 exchange requires the BRCA2 

partner DSS1. Biochemical, structural, and in vivo analyses reveal that DSS1 allows the BRCA2-

DSS1 complex to physically and functionally interact with RPA. Mechanistically, DSS1 acts as a 

DNA mimic to attenuate the affinity of RPA for ssDNA. A mutation in the solvent-exposed acidic 

domain of DSS1 compromises the efficacy of RPA-RAD51 exchange. Thus, by targeting RPA 

and mimicking DNA, DSS1 functions with BRCA2 in a two-component homologous 

recombination mediator complex in genome maintenance and tumor suppression. Our findings 

may provide a paradigm for understanding the roles of DSS1 in other biological processes.
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Graphical Abstract

Introduction

Homologous recombination (HR) is a conserved, generally error-free mechanism for the 

elimination of DNA double-strand breaks (DSBs). Moreover, HR is essential for successful 

navigation through S phase, wherein it restores replication forks that have stalled or 

encountered a lesion. As such, HR is essential for maintaining genome integrity and its 

dysfunction leads to disease, cancer in particular (Hoeijmakers, 2009; Negrini et al., 2010).

DNA joint formation during HR is mediated by the RAD51 recombinase. RAD51 forms a 

right-handed helical filament (presynaptic filament) on ssDNA generated by nucleolytic 

resection of a primary lesion, e.g. a DSB (San Filippo et al., 2008; Symington and Gautier, 

2011). In vitro and in cells, presynaptic filament assembly is a rate-limiting step. This stems 

from the slow nucleation of RAD51 onto ssDNA, thus rendering presynaptic filament 

assembly prone to interference by the abundant ssDNA binding protein RPA. Inhibition 

posed by RPA is relieved by recombination mediator proteins, most notably, yeast Rad52 

and human BRCA2 (San Filippo et al., 2008). While the function of yeast Rad52 has been 

defined (San Filippo et al., 2008), much remains to be learned regarding the mechanism of 

BRCA2.

BRCA2 deficient cells are hypersensitive to genotoxic agents and replication stress 

(Holloman et al., 2008; San Filippo et al., 2008). Recently, BRCA2 has been implicated in 

protecting perturbed DNA replication forks against nucleolytic attrition (Hashimoto et al., 

2010; Schlacher et al., 2011). Individuals with BRCA2 mutations exhibit genomic instability 

and are predisposed to breast, ovarian, and other cancers (Gayther et al., 1997; Wooster et 

al., 1995). BRCA2 interacts with RAD51 through eight BRC (Breast Cancer) repeats and a 

region located at its C-terminus (Esashi et al., 2005; San Filippo et al., 2008; Wong et al., 

1997). BRCA2 also possesses a DNA binding domain (DBD), consisting of three OB 
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(oligonucleotide binding) folds, named OB1, OB2, and OB3 (Yang et al., 2002). BRCA2 or 

a polypeptide that harbors two BRC repeats and the DBD is able to enhance RAD51 

presynaptic assembly on RPA-coated ssDNA, leading to the suggestion that BRCA2 

promotes RPA-RAD51 exchange (Jensen et al., 2010; Liu et al., 2010; San Filippo et al., 

2006). However, unlike yeast Rad52 (Seong et al, 2008 and references therein), BRCA2 

does not bind RPA (Jensen et al., 2010), so it remains possible that a BRCA2 partner targets 

RPA. Herein, we show that the BRCA2-associated DSS1 protein mediates RPA interaction 

and functions as a DNA mimic to promote RPA-RAD51 exchange on ssDNA.

DSS1, a candidate gene for split hand/split foot syndrome (Crackower et al., 1996; Ignatius 

et al., 1996), is a biomarker for different cancers (Ma et al., 2013; Rezano et al., 2013; Wei 

et al., 2003). It is small (harboring 70 residues) and highly acidic. Like BRCA2, DSS1 is 

crucial for DSB and replication fork repair (Gudmundsdottir et al., 2004; Jeyasekharan et al, 

2013; Kojic et al., 2003; Kristensen et al., 2010; Li et al., 2006; Pispa et al., 2008). 

Interestingly, DSS1 and its orthologs play an important role in other biological processes, 

including proteasome assembly and various aspects of RNA metabolism (Garncarz et al., 

2013; Pick et al., 2009). S. cerevisiae Dss1 acts as a chaperone in proteasome assembly 

(Tomko and Hochstrasser, 2014) and S. pombe Dss1 functions as a ubiquitin-binding 

subunit of the proteasome (Paraskevopoulos et al, 2014). However, the mechanisms by 

which DSS1 mediates HR other biological processes are unknown.

DSS1 associates with OB1 and an adjoining helical region in BRCA2 (Marston et al., 1999; 

Yang et al., 2002). As revealed by X-ray crystallography, many acidic residues are located 

in a solvent-exposed loop in DSS1. Importantly, by a combination of biochemical, 

structural, and cell-based analyses, we show that DSS1 targets RPA via this solvent-exposed 

acidic loop domain and acts as a DNA mimic to promote the assembly of the RAD51 

presynaptic filament. Thus, DSS1 is an integral, indispensable component of a two-subunit 

HR mediator complex with BRCA2.

Results

Expression and purification of BRCA2 proteins

The expression and purification of BRCA2 protein had remained an insurmountable 

challenge until recently, when mammalian cell- and yeast cell-based systems were 

developed to achieve this goal (Jensen et al., 2010; Liu et al., 2010; Thorslund et al., 2010). 

Working independently, we have constructed baculoviruses for the expression of full-length 

BRCA2 and also complexes of BRCA2 with wild type or mutant DSS1 in insect cells, and 

devised a simple method for their purification to near homogeneity (see below). Importantly, 

the initial characterization of DSS1 was performed with a functional BRCA2 multi-domain 

construct, termed mini-BRCA2 (miBRCA2), which harbors the BRC4 repeat, the DBD, and 

the C-terminal domain, and which retains the ability to form a stable complex with either 

wild type or mutant DSS1 (Figure 1A & B). The major findings were then verified using 

full-length BRCA2 alone or in complex with wild type or mutant DSS1 (see below).
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Enhancement of presynaptic filament assembly by DSS1

We used a well-established homologous DNA pairing assay (Figure 1C) to test miBRCA2 

and the miBRCA2-DSS1 complex (San Filippo et al., 2006). As expected, homologous 

pairing by RAD51 was suppressed upon preincubation of the ssDNA substrate with RPA 

(Figure 1D; lanes 2 and 4). This inhibitory effect of RPA was alleviated upon the addition of 

an increasing amount of miBRCA2 (Figure 1D; lane 5–7). Importantly, the miBRCA2-

DSS1 complex proved to be much more effective than miBRCA2 in the restoration of 

homologous pairing efficiency (Figure 1D; lanes 9–11).

We next applied a magnetic bead-based pulldown assay to monitor the loading of RAD51 

onto ssDNA (see Figure S1A for schematic). RAD51 loading became strongly inhibited 

when ssDNA was pre-incubated with RPA (Figure S1B). Consistent with results from the 

homologous DNA pairing assay, even though both miBRCA2 and miBRCA2-DSS1 were 

able to restore RAD51-ssDNA association, the latter was much more adept in this regard 

(Figure S1B). Finally, we used electron microscopy (EM) to provide physical evidence that 

miBRCA2 and miBRCA2-DSS1 act by re-establishing RAD51 presynaptic filament 

assembly (Figure S1C). The EM results also revealed a greater efficacy of miBRCA2-DSS1 

compared to miBRCA2 in restoring RAD51-ssDNA association (Figure S1C).

DSS1 alone is devoid of recombination mediator activity (data not shown). Moreover, we 

observed that (i) purified DSS1 fails to associate with miBRCA2 (data not shown) and (ii) 
co-addition of separately purified DSS1 with miBRCA2 does not enhance the activity of the 

latter (Figure 1D).

Overall, the above results suggested that DSS1 plays a critical role in presynaptic filament 

assembly in conjunction with stably associated BRCA2, a premise that was independently 

verified with the use of full-length BRCA2 in complex with DSS1 (see below). Consistent 

with what we observed with miBRCA2 and DSS1, we note that in order to assemble a stable 

BRCA2-DSS1 complex, the two proteins need to be co-expressed in insect cells (see below).

Specificity of the recombination mediator activity of BRCA2-DSS1

Preincubation of the ssDNA template with the E. coli single-strand DNA binding protein 

SSB also led to a strong suppression of RAD51-mediated homologous pairing (Figure 1D). 

As reported (San Filippo et al., 2006), miBRCA2 is adept at overcoming the inhibitory 

effect of SSB (Figure 1D). However, we found that the miBRCA2-DSS1 complex is no 

more effective than miBRCA2 in the restoration of homologous pairing efficiency (Figure 

1D). Thus, DSS1 appears to facilitate the RAD51-mediated homologous pairing reaction by 

targeting human RPA but not E. coli SSB.

DSS1-RPA interaction and attenuation by DSS1 of RPA ssDNA binding

DSS1 does not bind ssDNA or dsDNA, nor does it interact with RAD51 (data not shown). 

We have also verified that DSS1 does not interfere with miBRCA2-RAD51 interaction 

(Figure S1D). Instead, the results above provide evidence that DSS1, in a specific fashion, 

targets the BRCA2-RAD51 complex to RPA-coated ssDNA. Indeed, by affinity pulldown, 

we found that (i) DSS1 physically interacts with RPA, but not with E. coli SSB (Figure 2A 
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& B), (ii) only when miBRCA2 is complexed with DSS1 is it able to interact with RPA 

(Figure S2A), and (iii) DSS1 can also associate with the RPA-ssDNA complex (Figure 

S2B).

Since DSS1 directly interacts with RPA and the RPA-ssDNA complex, we inquired whether 

it impacts RPA binding of ssDNA. To this end, we used a DNA mobility shift assay with E. 

coli SSB as control. The experiments revealed that DSS1 weakens the ability of RPA to bind 

30-mer oligo dT (dT30) either when RPA is free or pre-bound to the DNA (Figure 2C and 

Figure S4C & D), but does not affect the activity of SSB (Figure 2C). Taken together, these 

results provide evidence for a dual role of DSS1 in the HR reaction, namely, to deliver 

BRCA2-RAD51 to RPA-bound ssDNA and also to attenuate the ssDNA binding affinity of 

RPA.

Targeting of RPA70 by DSS1

Next, we sought to understand the nature of the DSS1-RPA complex and the mechanism by 

which DSS1 attenuates ssDNA binding by RPA. RPA consists of three subunits: RPA70, 

RPA32, and RPA14 (Figure 3A). RPA70 harbors a protein interaction module at its N-

terminus (RPA70N), and three of the four DNA binding OB fold domains (designated 

RPA70A, B, and C) of RPA. The fourth DNA binding OB fold domain resides in RPA32 

(RPA32D), and RPA32 also possesses a protein interaction module at its C-terminus 

(RPA32C).

Using an affinity pulldown assay, we examined possible interactions of GST-tagged DSS1 

with a range of RPA domain constructs (Figure S2C). The results revealed an affinity of 

DSS1 for RPA70N, RPA70A, RPA70B, RPA70AB, RPA70NAB and RPA70C-RPA32D-

RPA14, but not for RPA32C or RPA32D-RPA14. Thus, DSS1 associates with RPA 

primarily if not exclusively through the RPA70 subunit via multiple interactions with its N, 

A, B, and C domains (Figure 3A). Using isothermal titration calorimetry (ITC), we verified 

that DSS1 binds RPA70N with a 1:1 stoichiometry and determined a Kd of ~23 μM (Figure 

S2D). Consistent with results from the affinity pulldown, ITC measurements revealed that 

RPA70NAB has a higher affinity for DSS1 than RPA70N alone (Kd ~ 3 μM) (Figure S2D).

DNA mimicry as revealed by NMR analysis

To obtain insights into the DSS1-RPA70 interaction, we performed NMR chemical shift 

perturbation experiments. Changes in NMR chemical shifts of RPA70N induced by the 

binding of DSS1 were determined from 15N-1H HSQC spectra of 15N-enriched RPA70N 

recorded as the solution was titrated with unlabeled DSS1. Significant chemical shift 

perturbations were observed over the course of the titration to a 1:1 molar ratio (Figure 

S3A). The observation of only a limited number of perturbations in the spectra indicates 

there is a specific interaction interface between RPA70N and DSS1. The largest effects were 

observed for RPA70N residues: I30, R31, R43, L45, S55, F56, L58, A59, L87, K88, R92, 

V93, N114, Y118, and E120 (Figure S3B).

A similar NMR analysis was performed for both RPA70AB and RPA70NAB. As for 

RPA70N, titration with DSS1 induced a select number of perturbations in RPA70AB 
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(Figure S3C). However, the interaction between DSS1 and RPA70AB was noticeably 

weaker (Figure S3C & D). The titration of DSS1 into 15N-labeled 70NAB gave rise to a 

substantial number of peak perturbations, as expected based on DSS1 binding to both 

RPA70N and RPA70AB (Figure 3B). In addition to chemical shift changes, many of the 

perturbed peaks began to lose their intensity over the course of titration to a 1:1 molar ratio 

(Figure 3B). The reduction in peak intensity is attributed to line broadening arising from a 

shift from independent tumbling of RPA70N and RPA70AB to coordinated tumbling of all 

three domains through their mutual binding to DSS1. Coordinated binding of all three 

domains is also reflected in the magnitude of the chemical shift perturbations, which are 

larger for DSS1 binding to RPA70NAB than for binding to the individual RPA70N and 

RPA70AB domains. The differences are most evident for the residues with the largest 

perturbations (I30, R31, R43, S55, F56, A59, L71, N85, L87, N114, Y118, K220, R344, and 

R382) (Figure 3C). The observation of stronger binding of DSS1 by the multi-valent 

RPA70NAB is anticipated on the basis of the linkage (chelation) effect (Stauffer and 

Chazin, 2004).

Mapping the perturbed residues onto the crystal structure of 70N revealed that DSS1 binds 

in the basic cleft of 70N (Figure S3E, left panel). Similarly, the residues of 70AB that were 

significantly perturbed by DSS1 map to both basic clefts, which in these domains are also 

the site of ssDNA binding (Figure S3E, right panel). To confirm that DSS1 interacts in the 

DNA binding site, we examined whether ssDNA competes for DSS1 binding to 70AB using 

the NMR chemical shift perturbation approach. For this experiment, we monitored the 

chemical shift changes in the 15N-1H HSQC spectrum of DSS1 upon titration first with 

unlabeled RPA70NAB (Figure 3D), and then with ssDNA (Figure 3E). As expected, the 

binding of RPA70NAB induces chemical shift perturbations in the spectrum of DSS1 in the 

first phase of the titration. In the second phase of the titration, the peaks that were perturbed 

due to 70AB binding reverted to their original position (Figure 3E). These data indicate that 

DSS1 associates with RPA70AB in a manner that mimics its binding of ssDNA. We also 

observed that the changes in DSS1 peaks associated with 70N binding were largely 

unchanged in the second phase of the titration upon the addition of ssDNA (Figure 3E), 

consistent with the negligible ssDNA binding affinity of RPA70N. Overall, the above results 

provide evidence that DSS1 utilizes a DNA mimicry mechanism to drive its interactions 

with the ssDNA binding OB folds of RPA70.

DSS1 mutants defective in RPA-binding

In order to address the significance of the DSS1-RPA complex in HR and to further the 

hypothesis of DNA mimicry (see above sections), we sought to isolate a RPA-interaction 

defective DSS1 mutant. The crystal structure of the mouse Dss1-Brca2 DBD complex 

highlights interaction interfaces (Yang et al., 2002; Figure 4A). This structure also reveals a 

solvent-exposed, disordered segment within the middle portion of Dss1 (Figure 4A). This 

DSS1 segment contains a high concentration of acidic residues (seven in total) that we 

hypothesized to be involved in RPA interaction and relevant for the DNA mimetic function 

of DSS1. To test this idea, these acidic residues (E25, D26, D31, E32, D33, E34, and D35) 

and an amphipathic residue (W27) located therein were changed to alanine, to yield a 

compound point mutant that we refer to as the DSS18A mutant (Figure 4A). We note that 
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DSS18A can be readily expressed in insect cells alone or in a stable complex with 

miBRCA2, and that the miBRCA2-DSS18A complex can be purified to near homogeneity 

using the procedure developed for the wild type complex (Figure S1D and Figure 4C). We 

found that DSS18A is strongly impaired in the interaction with RPA (Figure 4B) or the 

various RPA domain constructs (Figure S4A). In addition, DSS18A is incapable of 

associating with the RPA-ssDNA complex (Figure S2B) and exhibits a much lower affinity 

for RPA70N (75 μM) and RPA70NAB (36 μM) in ITC analysis (Figure S4B). As expected, 

miBRCA2-DSS18A is defective in RPA interaction (Figure 4C) but proficient in RAD51 

association (Figure S1D). Moreover, unlike DSS1, the DSS18A mutant exerts no negative 

effect on ssDNA binding by RPA (Figure S4C & D). We also tested two additional DSS1 

mutants with fewer changes of the residues in the solvent-exposed acidic patch, namely, the 

DSS13A mutant (harboring the change of E25, D26, and W27 to alanine) and the DSS15A 

mutant (harboring the change of D31, E32, D33, E34, and D35 to alanine) (Figure S4E). 

These mutants are less impaired for RPA association (Figure S4F) and the ability to affect 

ssDNA binding by the latter (Figure S4C & D). These findings indicate that the solvent-

exposed, acidic region of DSS1 is indispensable for its interaction with RPA and for the 

attenuation of ssDNA binding by RPA.

DSS1-RPA interaction is indispensable for recombination mediator function

Next, we tested the miBRCA2-DSS18A complex in the homologous DNA pairing reaction. 

Even though the addition of an increasing amount of miBRCA2-DSS18A to RPA-coated 

ssDNA led to restoration of homologous pairing, its efficacy was much reduced when 

compared to miBRCA2-DSS1 (Figure 4D) and no greater than that of miBRCA2 (see Figure 

1D for data on miBRCA2 alone). In contrast, both protein complexes enhanced homologous 

DNA pairing to the same degree when RPA was absent (Figure S5A) and exhibited 

comparable efficacy in homologous pairing restoration when SSB-coated ssDNA was used 

(Figure S5B). By EM and the magnetic bead-based pulldown assay, we verified that 

miBRCA2-DSS18A is no more efficacious than miBRCA2 in the restoration of RAD51 

presynaptic filament assembly (Figure S1B & C). Thus, the recombination mediator activity 

of the miBRCA2-DSS1 complex is strongly dependent on the ability of DSS1 to associate 

with RPA.

Examination of full-length BRCA2 alone and in complex with DSS1

To verify the findings for the miBRCA2 model, we performed key experiments with full-

length BRCA2. Specifically, full-length BRCA2 was tested alone or in complex with either 

DSS1 or DSS18A for RPA interaction and in the homologous DNA pairing reaction (Figure 

5A). As reported previously (Jensen et al., 2010) and confirmed herein, BRCA2 by itself 

does not interact with RPA (Figure 5B). Importantly, we observed that the purified BRCA2-

DSS1 complex associates with RPA, but the BRCA2-DSS18A mutant complex fails to do so 

(Figure 5B). Moreover, BRCA2-DSS18A is much less able to bind the RPA-ssDNA 

complex than does BRCA2-DSS1 (data not shown). These results thus reveal the solvent-

exposed acidic loop domain in DSS1 as being essential for RPA association.

The BRCA2 and BRCA2-DSS1 species were examined for their ability to restore 

homologous DNA pairing efficiency using RPA-coated ssDNA as the starting substrate. As 

Zhao et al. Page 7

Mol Cell. Author manuscript; available in PMC 2016 July 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



expected (Jensen et al., 2010; San Filippo et al., 2006), RAD51 would utilize the RPA-

coated DNA template for homologous pairing in a BRCA2 concentration-dependent 

manner. Importantly, the results showed that BRCA2-DSS1 is much more adept than 

BRCA2 in the promotion of homologous DNA pairing (Figure 5C). In sharp contrast, we 

found that BRCA2-DSS18A is no more efficacious than BRCA2 (Figure 5C). Moreover, 

neither BRCA2-DSS1 nor BRCA2-DSS18A is more effective than BRCA2 when tested on a 

SSB-coated ssDNA template (Figure 5C). Together, these results provide strong evidence 

that DSS1 enhances the recombination mediator activity of the BRCA2-DSS1 complex 

through its ability to interact with RPA and DNA mimicry.

We found that, as with miBRCA2, mixing purified full-length BRCA2 and DSS1 fails to 

reconstitute the BRCA2-DSS1 complex (Figure S5C). Accordingly, addition of DSS1 does 

not enhance the recombination mediator activity of full-length BRCA2 (Figure S5D), in 

contrast to the BRCA2-DSS1 complex (Figure 5C). In fact, an excess of free DSS1, reduces 

the level of homologous DNA pairing (Figure S5D, data not shown). These observations 

indicate that stable association with BRCA2 is a prerequisite for DSS1 to exert its beneficial 

effect in RAD51 presynaptic filament assembly, and they further suggest that (i) the folding 

of BRCA2 in the absence of DSS1 results in its DSS1 binding site being occluded, and (ii) 
DSS1 interferes with BRCA2-RAD51 action possibly because of its high acidic content.

DSS1-RPA interaction is required for HR efficiency in vivo

We utilized U2OS cells harboring the DR-GFP HR reporter (Nakanishi et al., 2005; Xia et 

al., 2006) to query whether the interaction of DSS1 and RPA is critical for HR efficiency 

(Figure 6A). In congruence with published work (Adamson et al., 2012; Kristensen et al., 

2010), knockdown of endogenous DSS1 by one of three different siRNA species impaired 

HR repair (Figure S6A; Table S1). Importantly, the degree of HR impairment correlated 

well with the relative reduction of DSS1 protein level (Figure S6A). We saw a diminished 

BRCA2 protein level upon DSS1 knockdown. However, even though transient expression of 

BRCA2 could restore the BRCA2 protein level (Figure S6B), it failed to correct the HR 

deficiency caused by DSS1 knockdown, while transient expression of Myc-tagged DSS1 

that is resistant to siDSS1#3 (Myc-DSS1res) complemented the deficiency well (Figure 

S6B). Next, cell lines that stably express Myc-DSS1res or Myc-DSS18Ares were generated, 

and clones with a comparable level of ectopically expressed protein were selected for testing 

(Figure S6C). Upon knockdown of the endogenous DSS1 (Figure S6D), we observed that 

cells expressing Myc-DSS1res remain proficient in HR, whereas cells harboring Myc-

DSS18Ares are impaired in this regard (Figure 6B). We note that BRCA2 protein remains in 

the nucleus of cells harboring only Myc-DSS18Ares (Figure S6E), and that these cells 

exhibit the same cell cycle profile as their Myc-DSS1res counterpart (Figure S6F). 

Together, the above results show that the DSS1-RPA interaction is important for efficient 

DSB repair by HR in cells but is dispensable for the nuclear localization of BRCA2.

DSS1 is required for optimal DNA damage-induced assembly of nuclear RAD51 foci 

(Gudmundsdottir et al., 2004). It was of interest to investigate whether this requirement 

extends to interaction between DSS1 and RPA. We established HeLa cell lines stably 

expressing Myc-DSS1res or mutant Myc-DSS18Ares, or that harbored the empty vector 
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(Myc-vector). After exposure to 8 Gy of X-rays, the effects of treatment on RAD51 focus 

formation were examined in cells treated with either siDSS1#3 to deplete endogenous DSS1 

or control siRNA (Figure S6G). In cells with control siRNA, no effect was observed on the 

frequency or intensity of RAD51 foci in all three cell lines (Figure 6C & D; Table S2). 

Treatment with DSS1 siRNA impaired RAD51 focus formation in cells with the Myc-

vector. These cells were also deficient in spontaneous RAD51 focus formation (Figure 6D). 

In cells expressing Myc-DSS1res, DSS1 knockdown did not affect the levels of RAD51 

foci, either spontaneously or after X-rays (Figure 6C & D). In cells expressing mutant Myc-

DSS18Ares, RAD51 focus formation was suppressed up to 8 h after X-rays when DSS1 was 

knocked down (Figure 6C & D). Specifically, at 8 h post X-ray exposure, 31.7±7.4% of the 

nuclei contained > 5 RAD51 foci with DSS1 knockdown compared to 62.4±3.4% of such 

nuclei in cells treated with control siRNA (P=0.02; unpaired Student’s t-test). The remaining 

RAD51 foci in Myc-DSS18Ares cells with DSS1 knockdown are reduced in intensity (Table 

S2). We sought further evidence that the impairment in RAD51 focus assembly in response 

to ionizing radiation is related to diminished DNA repair by monitoring the formation of 

pRPA(S4/S8) foci which are reflective of persistent DNA damage (Marechal and Zou, 

2015). As shown in Figure S6I & J, both pRPA foci and the pRPA protein levels were 

increased in Myc-DSS18Ares cells with DSS1 knockdown compared to Myc-DSS1res cells 

with DSS1 knockdown at 1–8 h post radiation exposure, and for the same time points at 

which RAD51 foci formation was delayed (see Figure 6D). These results provide support 

for the premise that the DSS1-RPA interaction is required for the optimal assembly of 

RAD51 foci. Notably, our observation that RAD51 focus formation is not fully dependent 

on the DSS1-RPA interaction is consistent with biochemical data presented above and 

elsewhere (Jensen et al., 2010; Liu et al., 2010; San Filippo et al., 2006) that show BRCA2 

can by itself mediate RAD51 presynaptic filament assembly, albeit at a much reduced 

efficiency than when DSS1 is present.

Next, the cytotoxic effects of MMC and of Olaparib were assessed in clonogenic survival 

assays using HeLa Myc-DSS1res and HeLa Myc-DSS18Ares cells treated with DSS1 or 

control siRNA (Figure S6H). In contrast to Myc-DSS1res, which upon knockdown of 

endogenous DSS1 affords wild type levels of protection against these two genotoxic agents, 

Myc-DSS1res8A is largely defective in this regard (Figure 6E). Similarly, Myc-DSS1res8A 

was much less adept than Myc-DSS1res in maintaining cell viability after 8 Gy X-

irradiation (Figure S6K). Thus, the DSS1-RPA interaction is important for efficient DNA 

damage repair by HR in human cells.

Discussion

We have provided insights into how DSS1 affects RAD51 presynaptic filament assembly. 

Our results, as summarized in Figure 7, reveal roles of DSS1 as the RPA targeting entity and 

also as a DNA mimic that attenuates the affinity of RPA for ssDNA.

Distinct means for the promotion of presynaptic filament assembly

Much of our understanding of eukaryotic recombination mediators has originated from 

studies done in model organisms such as the budding yeast S. cerevisiae and the corn smut 
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fungus U. maydis (Holloman et al., 2008; San Filippo et al., 2008; Symington, 2002; Yang 

et al., 2005). S. cerevisiae Rad52, through its abilities to bind DNA and physically interact 

with Rad51 and RPA, facilitates the nucleation of Rad51 onto RPA-coated ssDNA (San 

Filippo et al., 2008). Accordingly, the DNA binding and protein interaction activities of 

Rad52 are indispensable for its recombination mediator function (Krejci et al., 2002; Plate et 

al., 2008; Seong et al., 2008). Moreover, the physical interaction of Rad52 with ssDNA-

bound RPA allows it to mediate (i) the annealing of RPA-coated complementary ssDNA in 

the single-strand annealing (SSA) pathway of HR, and (ii) the capture of the second, RPA-

coated ssDNA end during DSB repair (Lao et al., 2008; Mortensen et al., 1996; Sugiyama et 

al., 2006).

In contrast, BRCA2 has no RPA interaction attribute (Jensen et al., 2010; this work) and 

does not appear to function in SSA (Stark et al., 2004; Tutt et al., 2001). Thus, even though 

BRCA2 and BRCA2-polypeptides can enhance RAD51-mediated homologous DNA pairing 

(Jensen et al., 2010; San Filippo et al., 2006) with RPA-coated ssDNA, this does not appear 

to follow the same mechanism as yeast Rad52. Rather, the BRCA2 recombination mediator 

activity may stem from the stabilization of the nascent presynaptic filament. That several 

BRC repeats limit the association of RAD51 with dsDNA may also contribute to its 

recombination mediator activity (Carreira et al., 2009; Carreira and Kowalczykowski, 2011; 

Shivji et al., 2009). Consistent with this premise, we have found no specificity in BRCA2 

action in RAD51-mediated homologous DNA pairing regardless of whether RPA-coated or 

SSB-coated ssDNA is employed (Jensen et al., 2010; San Filippo et al., 2006; this work). 

Thus, our work showing DSS1 as the RPA targeting entity and acting via DNA mimicry 

provide crucial insights into the function of BRCA2-DSS1 complex during HR.

We note that studies by us and others have uncovered important differences between the 

human BRCA2-DSS1 and the presumptive U. maydis ortholog Brh2-Dss1. First, even 

though Brh2-Dss1 is dispensable for cell viability (Kojic et al., 2002; Kojic et al., 2003), 

Brca2 null mutation results in early embryonic lethality in mice and depletion of either 

BRCA2 or DSS1 in human cells inhibits cell proliferation (Feng et al., 2011; Ma et al., 

2013; Sharan et al., 1997; data not shown). Brh2 has a much simpler architecture, possessing 

only a single BRC-like repeat and a DNA binding domain within the C-terminal region that 

harbors only two OB folds (Holloman et al., 2008). Notably, Brh2 also possesses a distinct 

DNA binding domain at its N-terminus. It has been suggested that this N-terminal DNA 

binding domain provides the DNA binding activity needed for the biological efficacy of 

Brh2, whereas the C-terminal DNA binding domain serves only a regulatory role (Zhou et 

al., 2009a). Consistent with this premise, U. maydis Dss1, which only loosely associates 

with OB1 in the C-terminal DNA binding domain, attenuates the DNA binding potential of 

Brh2. Interestingly, it has been suggested that both the amino-terminal domain of Brh2 and 

DNA act together to evict Dss1 from its C-terminal interaction surface to reveal the full 

DNA binding potential of Brh2 (Zhou et al., 2012; Zhou et al., 2009b). In contrast, the DBD 

of BRCA2 is indispensable for function both in vitro and in cells (Al Abo et al., 2014; San 

Filippo et al., 2006; Siaud et al., 2011). The results described herein enhance our 

understanding of these differences, and also furnish strong evidence that DSS1 must be 

stably associated with BRCA2 to be functional (Figure 1 & 5; Figure S5), and that it targets 
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the RPA-ssDNA complex via physical interaction with RPA and acts as a DNA mimic to 

promote RPA-RAD51 exchange on ssDNA (Figure 2, 3, 7 & S7).

Implications for DSS1 functions in meiotic HR and other biological processes and for 
cancer therapy

BRCA2 physically interacts with the conserved, meiosis-specific recombinase DMC1 via a 

motif with the sequence FVPP and also the C-terminal domain (Thorslund et al., 2007). 

Given that BRCA2 functions in DMC1-dependent meiotic HR (Seeliger et al., 2012; Siaud 

et al., 2004), it seems reasonable to suggest that the BRCA2-DSS1 complex helps mediate 

DMC1 presynaptic filament assembly as well (Figure S7A). In this regard, the experimental 

systems that we have established in this and other studies (Sehorn et al., 2004) should be of 

value in testing the roles of BRCA2 and DSS1 in DMC1-mediated homologous DNA 

pairing, in particular with respect to the formation of the crossover recombinants that are 

indispensable for chromosome segregation in the first meiotic division (Neale and Keeney, 

2006).

Genetic and other studies have unveiled a role of DSS1 in the biogenesis and function of the 

26S proteasome and also in RNA metabolic pathways, including RNA export, editing, and 

splicing (Garncarz et al., 2013; Pick et al., 2009). Recent work on Sem1 (Tomko and 

Hochstrasser, 2014), the yeast DSS1 ortholog, has provided evidence for a chaperone-like 

function of this protein in ensuring the orderly incorporation of Rpn3 and Rpn7 into the 

proteasome lid. In this role, Sem1 tethers Rpn3 and Rpn7 (Figure S7D) through conserved 

domains that in human DSS1 are involved in complex formation with BRCA2. However, 

the precise functions of DSS1 in RNA metabolic processes have not yet been elucidated. 

The ability of DSS1 to act as a ssDNA mimic suggests a more general nucleic acid mimicry 

property that may also be relevant for protein handoff in this context (Wilmes et al., 2008). 

For instance, DSS1 could promote the exchange of the budding yeast Sub2 protein (UAP56 

in mammals) for the Mex67 protein (NXF1 in mammals) on the newly synthesized mRNA 

to facilitate its nuclear export ((Wilmes et al., 2008); Figure S7B). Alternatively, the solvent-

exposed acidic DSS1 domain could help shepherd the reshuffling of protein components in 

macromolecular complexes by weakening specific protein interfaces in favor of the 

establishment of a new set of interactions (Figure S7C). In this regard, DSS18A may also 

affect one of more of the other functions of DSS1 mentioned here, and it remains possible 

that the biological effects engendered by this mutant may not stem entirely from 

compromising the DNA mimicry role of DSS1 in HR.

DSS1 is elevated in tumor samples and, conversely, depletion of DSS1 can suppress cellular 

proliferation (Ma et al., 2013; Rezano et al., 2013; data not shown). Moreover, amplification 

of DSS1 correlates with increased therapy resistance (Ma et al., 2013; Rezano et al., 2013), 

and breast cancer cohorts with higher DSS1 expression exhibit poor prognosis and relapse-

free survival rates (Rezano et al., 2013). Given the amplification of DSS1 in a variety of 

tumor types, a potentially beneficial therapeutic avenue would be to inhibit DSS1 expression 

in these tumors. Blockade of the DSS1-RPA interaction would interfere with BRCA2/

RAD51-dependent HR to alleviate resistance to therapy. Small molecule inhibitors or 

Zhao et al. Page 11

Mol Cell. Author manuscript; available in PMC 2016 July 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



peptides that block DSS1 function may act as radio-sensitizers or be utilized in combination 

with standard chemotherapy to enhance tumor cell killing.

Experimental Procedures

Recombination proteins

BRCA2, BRCA2-DSS1/DSS18A, miBRCA2, and miBRCA2-DSS1/DSS18A were expressed 

in Hi5 insect cells infected by one or more of the recombinant baculoviruses. Proteins were 

purified making use of their affinity tags. DSS1 and mutants were expressed in E. coli and 

purified via their affinity tags. Other proteins were expressed and purified following our 

published procedures. The details are provided in the Extended Experimental Procedures.

Biochemical assays

The various biochemical assays are described in the Extended Experimental Procedures.

Cell-based experiments

U2OS and HeLa cells were treated with the indicated siRNA to transiently deplete DSS1 or 

BRCA2. For some experiments, HeLa and U2OS cell lines stably expressing a siRNA-

resistant form of DSS1 or DSS18A were used. The measurement of HR frequency using the 

DR-GFP reporter, immunofluorescence microscopy and image analyses, the clonogenic 

survival assay, preparation of cytoplasmic and nuclear extracts, and cell cycle analysis are 

provided in the Extended Experimental Procedures. The siRNAs used are listed in Table S1.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

1. DSS1 works in conjunction with BRCA2 to facilitate RPA-RAD51 exchange on 

ssDNA.

2. DSS1 interacts with RPA via its solvent-exposed acidic loop.

3. DSS1 binds the RPA70 subunit of RPA and attenuates ssDNA-binding by it.

4. DSS1 could also function as a nucleic acid mimic in other biological processes.
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Figure 1. Enhancement of miBRCA2 activity by DSS1
See also Figure S1.

(A) Schematic of BRCA2 and miBRCA2 with various functional domains.

(B) SDS-PAGE of purified miBRCA2 (lane 1) and miBRCA2-DSS1 complex (lane 3). Size 

markers were run in lane 2.

(C) Schematic of the homologous DNA pairing reaction.

(D) The miBRCA2-DSS1 complex or miBRCA2 without and with DSS1 tested in 

homologous pairing reactions with ssDNA coated with RPA or SSB. The mean values (± 

s.d.) of data from 3 independent experiments were plotted.
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Figure 2. DSS1-mediated attenuation of ssDNA binding by RPA
See also Figure S2 and Figure S4.

(A) GST-pulldown assay to test for the interaction of RPA with DSS1. The supernatant (S), 

the wash (W), and the eluate (E) fractions were analyzed.

(B) Pulldown assay as in (A) to test for interaction of DSS1 with E. coli SSB.

(C) The effect of DSS1 on DNA binding by RPA or SSB was examined. The mean values 

(± s.d.) of data from 3 independent experiments were plotted. Note treatment with SDS and 

proteinase K (SDS/PK) released DNA from RPA or SSB.
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Figure 3. Evidence for RPA70 interaction activity and DNA mimicry in DSS1
See also Figure S2 and Figure S3.

(A) Schematic of the RPA subunits RPA70, RPA32, and RPA14 with functional domains.

(B) Overlay of 15N-1HSQC spectra of 15N-enriched RPA70NAB as the solution was titrated 

with DSS1. The circles identify peaks belonging to RPA70N. The solid and dotted arrows 

indicate significant chemical shift perturbations upon binding of DSS1 for residues within 

RPA70AB and 70N, respectively.

(C) Chemical shift changes plotted against the sequence of RPA70NAB. The mean value of 

chemical shift changes is shown by the solid horizontal line.
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(D) Overlay of 15N-1HSQC spectra of 15N-enriched DSS1 in complex with unlabeled 

RPA70NAB at molar ratios of 1:0 (black), 1:0.2 (red), 1:0.4 (blue), and 1:1 (yellow). The 

black and red dotted arrows identify peaks with chemical shift preturbations arsing from 

interaction with 70N and with 70AB, respectively.

(E) Overlay of 15N-1HSQC spectra of 15N-enriched DSS1 in complex with unlabeled 

RPA70NAB and ssDNA. Spectra were acquired at DSS1:RPA70NAB:ssDNA ratios of 

1:0:0 (black), 1:1:0 (purple), 1:1:0.5 (cyan) and 1:1:1 (red) molar ratios. Red arrows identify 

two peaks that revert to the position of free DSS1 upon addition of ssDNA due to release of 

DSS1 by ssDNA binding to RPA70AB. Black arrows identify two peaks that are not 

affected by addition of ssDNA because they interact with RPA70N.
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Figure 4. Importance of DSS1-RPA interaction in efficacy of miBRCA-DSS1
See also Figure S1, Figure S4 and Figure S5.

(A) DSS1 residues (underlined) involved in BRCA2 interaction and solvent-exposed 

residues (red) in the Brca2-Dss1 crystal structure (Yang et al., 2002) targeted for 

mutagenesis.

(B) GST-pulldown assay to test for the interaction of RPA with DSS1 or the DSS18A 

mutant. The supernatant (S), the wash (W), and the eluate (E) fractions were analyzed. The 

asterisks highlight minor proteolytic products and contaminants in the GST-DSS18A 

preparation.
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(C) GST-pulldown assay as in (B) to test for the interaction of RPA with miBRCA2-DSS1 

and miBRCA2-DSS18A.

(D) miBRCA2-DSS1 and miBRCA2-DSS18A were tested for their recombination mediator 

activity. The mean values (± s.d.) of data from 3 independent experiments were plotted.
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Figure 5. Relevance of DSS1-RPA interaction for the recombination mediator activity of 
BRCA2-DSS1
See also Figure S5.

(A) SDS-PAGE of purified BRCA2-DSS1 (lane 2), BRCA2-DSS18A (lane 3) and BRCA2 

(lane 4). Size markers were run in lane 1.

(B) MPB-pulldown assay to test for the interaction between RPA and BRCA2, BRCA2-

DSS1 or BRCA2-DSS18A.

(C) BRCA2, BRCA2-DSS1 and BRCA2-DSS18A were tested for their recombination 

mediator activity with RPA-coated ssDNA or SSB-coated ssDNA. The mean values (± s.d.) 

of data from 3 independent experiments were plotted.
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Figure 6. Biological relevance of the DSS1-RPA complex
See also Figure S6.

(A) Schematic of the HR assay with the DR-GFP reporter in DR-U2OS cells (adapted from 

Schlacher et al, 2011)

(B) Quantification of results from the HR assays in DR-U2OS cells with stable expression 

of Myc-DSS1res or Myc-DSS18Ares and after DSS1 or BRCA2 knockdown and I-SceI 

expression. GFP-positive cells indicate the fraction of successfully completed HR events. 

The mean values (± s.d.) from 3 independent experiments were plotted.

(C) Representative micrographs of RAD51 foci (green) in HeLa cell nuclei at 8 h after 

exposure to 8 Gy X-rays. Blue: DAPI.

(D) Quantification of RAD51 foci at various time points after exposure to 8 Gy X-rays or 

sham irradiation. The mean values ± s.e.m. of at least 3 independent experiments are shown. 

n.s., not significant; *, P<0.05 and **, P<0.01.

(E) Survival curves of HeLa cells with stable expression of Myc-DSS1res or Myc-

DSS18Ares after the treatment with increasing concentrations of Olaparib or MMC. The 

mean values (± s.d.) from 3 independent experiments were plotted.
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Figure 7. Model for DSS1 functions in BRCA2-RAD51 mediated HR
See also Figure S7.

DSS1 promotes the loading of BRCA2-RAD51 onto RPA-coated ssDNA to facilitate 

RAD51-ssDNA filament assembly through its ability to (i) physically interact with RPA and 

(ii) attenuate the affinity of RPA for ssDNA.
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