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Abstract

Cell cycle checkpoints provide surveillance mechanisms to activate the DNA damage response, 

thus preserving genomic integrity. The heterotrimeric Rad9-Rad1-Hus1 (9-1-1) clamp is a DNA 

damage response sensor and can be loaded onto DNA. 9-1-1 is involved in base excision repair 

(BER) by interacting with nearly every enzyme in BER. Here, we show that individual 9-1-1 

components play distinct roles in BER directed by MYH DNA glycosylase. Analyses of Hus1 

deletion mutants revealed that the interdomain connecting loop (residues 134–155) is a key 

determinant of MYH binding. Both the N- (residues 1–146) and C-terminal (residues 147–280) 

halves of Hus1, which share structural similarity, can interact with and stimulate MYH. The 

Hus1K136A mutant retains physical interaction with MYH but cannot stimulate MYH glycosylase 

activity. The N-terminal domain, but not the C-terminal half of Hus1 can also bind DNA with 

moderate affinity. Intact Rad9 expressed in bacteria binds to and stimulates MYH weakly. 

However, Rad91-266 (C-terminal truncated Rad9) can stimulate MYH activity and bind DNA with 

high affinity, close to that displayed by heterotrimeric 91-266-1-1 complexes. Conversely, Rad1 

has minimal roles in stimulating MYH activity or binding to DNA. Finally, we show that 

preferential recruitment of 91-266-1-1 to 5′-recessed DNA substrates is an intrinsic property of this 

complex and is dependent of complex formation. Together, our findings provide a mechanistic 

rationale for unique contributions by individual 9-1-1 subunits to MYH-directed BER based on 

subunit asymmetry in protein-protein interactions and DNA binding events.
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1. Introduction

Cell cycle checkpoints provide surveillance mechanisms to activate the DNA damage 

response (DDR), thus preserving genomic integrity [1,2]. Activation of DDR leads to cell 

cycle arrest (which allows time for DNA repair) and enhances DNA repair. When DNA 

damage is extreme, apoptosis is triggered. The checkpoint system includes an array of 

proteins that function as sensors, transducers, and effectors [3–6]. The heterotrimeric Rad9/

Rad1/Hus1 (9-1-1) complex is a DDR sensor [7,8] and is loaded onto DNA by the Rad17-

RFC2–5 clamp loader [9–12]. 9-1-1 is essential for embryonic development, genomic 

stability, and telomere integrity [13–16]. Besides serving as a damage sensor [17], 9-1-1 is 

involved in many DNA metabolisms [14] including base excision repair (BER) (reviewed in 

[18]). Remarkably, 9-1-1 interacts with nearly every enzyme in BER and is proposed to 

constitute a platform to coordinate BER. Many BER proteins interact selectively with 

specific subunit(s) of 9-1-1 [19–21].
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The first step in BER is carried out by a DNA glycosylase, which cleaves damaged or 

mismatched bases. MYH (also called MUTYH) DNA glycosylase excises adenine when it is 

mispaired with 8-oxo-7,8-dihydroguanine (Go) or guanine and thus reduces G:C to T:A 

mutations [22–24]. The resulting apurinic/apyrimidinic (AP) site is processed by AP-

endonuclease 1 (APE1), allowing the downstream BER enzymes to complete the DNA 

repair process. Mutations in the human MYH (hMYH) gene can lead to colorectal cancer (as 

in MYH-associated polyposis or MAP) [25], while APE1 is essential for cell viability [26]. 

MYH contains unique motifs that mediate interactions with partner proteins involved in 

DNA replication, mismatch repair, and DDR (reviewed in [22,23]). We have shown that the 

interdomain connector (IDC) located between the N- and C-terminal domains of hMYH is 

uniquely oriented [27] to interact with Hus1 [21] and APE1 [28].

The ring structure of 9-1-1 [29–31] is remarkably similar to that of the proliferating cell 

nuclear antigen (PCNA) [32–34]. Each 9-1-1 subunit folds into two globular domains linked 

by an interdomain connecting loop (IDCL) (Fig. 1A). According to the PCNA-DNA 

structure [35], the 9-1-1 ring is supposed to encircle double-stranded DNA [30]. Although 

the three subunits of the 9-1-1 complex are structurally similar, they exhibit key differences. 

These differences are most pronounced in the IDCLs between their N- and C-terminal 

domains [29–31]. These structural distinctions between 9-1-1 components have been 

suggested to dictate protein-binding specificity for individual subunits. For example, hMYH 

and hAPE1 bind preferentially to the Hus1 subunit [20,21]. Functionally, the Hus1 subunit 

alone can stimulate MYH activity [21]. In this paper, we constructed a panel of Hus1 mutant 

proteins to identify domains required for binding MYH, stimulating MYH glycosylase 

activity, and binding DNA. Subsequently we tested the roles of other 9-1-1 components in 

MYH activation and DNA binding. This systematic and quantitative biochemical strategy 

revealed key differences in the ability of 9-1-1 subunits to bind DNA and functionally 

interact with MYH, thus supporting a model whereby each subunit of 9-1-1 plays a distinct 

and directed role in BER.

2. Materials and methods

2.1. Glutathione-S-transferase (GST)-tagged Hus1 protein constructs

The plasmid pGEX-3X-hHus1 containing GST-tagged hHus1 was obtained from Dr. A. E. 

Tomkinson at the University of New Mexico. GST fusions incorporating hHus1 deletion 

constructs were made by polymerase chain reaction (PCR) using primers listed in Table S1 

in the supplementary material. The PCR products were digested with BamHI and SalI and 

ligated into the BamHI-XhoI-digested pGEX-4T-2 vector (GE Healthcare). The K136A and 

V137A mutants of the hHus1 gene were constructed by Quick Change site-directed 

mutagenesis (Stratagene) using pGEX-3X-hHus1 plasmid as a template and primers listed in 

Table S1 in the supplementary material.

2.2. Cloning and purification of His-tagged hHus1 and deletion constructs

Plasmid pET21a-hHus1 containing full-length wild-type hHus1 cDNA has been described 

[21]. PCR products containing truncated hHus1 cDNA fragments were digested with BamHI 

and SalI (as described in GST cloning) and ligated into BamHI-XhoI-digested pET21a. The 
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K136A and V137A mutants of the hHus1 gene were constructed by Quick Change site-

directed mutagenesis (Stratagene) using pET21-hHus1 plasmid as a template as described 

for GST clones.

E. coli Rosetta cells (Novagen) harboring the hHus1-His expression plasmid were grown 

and induced as described [21]. The hHus1-His proteins were purified over a Ni-NTA resin 

(Qiagen) and a 1 ml Hitrap Heparin column (GE Healthcare) as described [21]. Fractions 

containing the majority of hHus1-His proteins were pooled, divided into small aliquots, and 

stored at −80°C. The purified proteins were analyzed by polyacrylamide gel electrophoresis 

containing SDS (SDS-PAGE) (Fig. 2), with protein concentrations determined by the 

Bradford method [36].

2.3. Cloning and purification of human hRad91-266-Rad1-Hus1

The cDNAs of hRad9 and hRad1 were amplified by PCR from pGEX-4T3-hRad9 and 

pGEX-3X-hRad1 plasmids, respectively (both from Dr. A. E. Tomkinson) using primers 

listed in Table S1 in the supplementary material. The hRad1 gene was cloned between the 

BamHI and SalI sites of pACYCDuet-1 (EMD Biosciences) to obtain the clone pACYCD-

hRad1. The hHus1 cDNA was then inserted into the second cassette of the pACYCD-hRad1 

plasmid using BglII and XhoI sites to obtain pACYCDuet-hRad1-hHus1. A hRad9 cDNA 

fragment encoding amino acid residues 1–266 was cloned between the BamHI and SalI sites 

of pETDuet-1 to obtain pETD-hRad91-266. Both hRad1 and hRad91-266 proteins contained 

an N-terminal His tag while hHus1 was tagged with a C-terminal S-tag.

E. coli BL21 Star/DE3 harboring both pACYCDuet-hRad1-hHus1 and pETD-hRad91-266, 

were grown and induced as described [21]. The 91-266-1-1 complex was first purified over a 

Ni-NTA resin (Qiagen). Proteins eluted from the Ni column were then diluted with buffer S 

[20 mM Tris-HCl (pH 7.8), 50 mM NaCl, 0.5 mM DTT and 0.1 mM phenylmethylsulfonyl 

fluoride] and further purified over a 1 ml Hitrap Q column (GE Healthcare). Fractions 

containing 91-266-1-1 were collected and further purified using a Superose 12 column (in 

Buffer S) (GE Healthcare). The size of the 91-266-1-1 complex was estimated by comparing 

its elution position on the Superose 12 column with those of marker proteins (bovine 

thyroglobulin, apoferritin, β-amylase, and bovine serum albumin). Fractions containing 

91-266-1-1 were collected and further purified and concentrated over a 1 ml Hitrap Heparin 

column as described [21]. The eluted 91-266-1-1 complex was divided into small aliquots and 

stored at −80 °C. The purified complex was analyzed by SDS-PAGE (Fig. 2, lane 14).

2.4. Purification of hRad91-266, hRad9, and hRad1

PCR products containing hRad91-266 or hRad1 cDNAs were cleaved by BamHI and SalI and 

then cloned into BamHI-XhoI-digested pETDuet-1 and pET21a to obtain clones pETDuet-

hRad91-266 and pET21a-hRad1, respectively. Full length Rad9 cDNA was cloned by 

inserting a BglII and XhoI fragment from pACYC-Rad9 [37] into BamHI-XhoI-digested 

pET21a to obtain clones pET21-hRad9. His-tagged hRad91-266, hRad9, and hRad1 were 

purified over a Ni-NTA resin similar to hHus1 (above). hRad91-266 was further purified 

using 1 ml Hitrap SP (GE Healthcare) while hRad9 and hRad1 were purified using Hitrap Q 

(GE Healthcare) columns. The fractions containing respective proteins were pooled, divided 
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into small aliquots, and stored at −80°C. The purified proteins were analyzed by SDS-PAGE 

(Fig. 2, lanes 11–13).

2.5. Purification of mouse Myh (mMyh)

Full length mMyh cDNA cloned in pcDNA3.1 (kindly provided by Dr. Yusaku Nakabeppu 

at Kyushu University, Japan) [38] was subcloned into pET21a (EMD Bioscience) by PCR 

amplification using primers listed in Table S1 in the supplementary material. The PCR 

product was digested with Nhe1 and XhoI and ligated into the digested pET21a. mMyh was 

purified as described for hMYH [27] and was >85% pure as analyzed by SDS-PAGE (Fig. 

2, lane 15).

2.6. GST pull-down assay

GST-pull-down assays were performed similarly as described [28]. To eliminate the effect 

of nucleic acid on protein–protein interactions, 50 μg/ml of ethidium bromide was added to 

the immobilized proteins for 30 min prior adding their interacting partners.

2.7. Assay of mMyh glycosylase activities

The mMyh substrate is a 44-mer duplex DNA with sticky ends filled-in by Klenow fragment 

from 40-mer duplex DNA containing an A/Go base mismatch (Table S1 in the 

supplementary material). The 5′-end of the A-containing strand was labeled with [γ-32P] 

ATP as described [39]. The MYH glycosylase assay was performed as described previously 

[27]. The products were then treated with 0.1 M NaOH at 90°C for 30 min to cleave the 

phosphodiester bonds at AP sites. Reaction mixtures were loaded onto 14% sequencing gels 

containing 7 M urea. The gel was exposed to a Phosphor Imager screen allowing the image 

to be detected with a Typhoon FLA9500 and quantified using Image Quant Software (GE 

Healthcare).

2.8. Electrophoresis mobility shift assay (EMSA)

The DNA binding activities of 9-1-1 subunits were assayed as previously described by Lu et 

al [40]. The binding reactions (20 μl)contained 20 mM Tris-HCl, pH 7.6, 80 mM NaCl, 1 

mM DTT, 1 mM EDTA, 1.5% glycerol, 200 ng/ml poly dI/dC, 50 μg/ml bovine serum 

albumin, 0.09 nM DNA, and various concentrations of protein. After electrophoresis on a 

nondenaturing 6% polyacrylamide gel in 50 mM Tri-borate, pH 8.3, and 1 mM EDTA(TBE) 

buffer, the gel was dried and exposed to a Phosphor Imager screen. In some cases, the gel 

buffer contained 150 mM imidazole, pH 9 and 1 mM EDTA. Images were detected using a 

Typhoon FLA9500 and enzyme-bound and free DNA bands were quantified by Image 

Quant Software (GE Healthcare).

2.9. Fluorescence anisotropy assay

For fluorescence anisotropy assays, one of the DNA strands was 5′-end labeled with a 

fluorescein (Fl) tag (6-carboxyfluorescein) and annealed to the complementary strand (Table 

S1 in the supplementary material). Fluorescence anisotropy was measured as described [41] 

using the Beacon 2000 variable temperature fluorescence polarization system (Panvera, 

Madison, WI) equipped with fluorescein excitation (490 nm) and emission (535 nm) filters. 
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Binding reactions were performed as described for EMSA assays, except that no glycerol 

was added, the DNA concentration was 2 nM, and the reaction volume was 100 μl. After 

adding Fl-DNA, samples were incubated for 1 min before measurement of anisotropy (Ac) 

and total fluorescence emission (F535). Each data point represents the mean of 10 

measurements for each binding reaction. Association of the target protein with Fl-DNA 

substrates was detected by an increase in the anisotropy of the Fl-DNA emission because of 

restricted segmental motion and retarded rotational correlation time in the protein:DNA 

complexes relative to the free DNA substrate [42,43].

9-1-1 binding to DNA substrates was considered in terms of a binding model in which a 

single Fl-DNA may be sequentially targeted by multiple protein molecules (P) to yield a 

saturated protein:DNA complex (Equation 1).

Although it was not possible to assess binding constants describing individual steps of 

oligomeric protein assembly on Fl-DNA substrates by this model, indices of binding affinity 

and cooperativity were estimated by Equation 1,

where Ac-DNA and Ac-complex are the intrinsic anisotropy values of the unbound and protein-

saturated Fl-DNA substrates, respectively; [P]½ is the protein concentration yielding half-

maximal DNA saturation; and h is the Hill (cooperative) coefficient. Nonlinear regression 

analyses of Ac data sets taken across at least 15 protein concentrations were performed using 

PRISM version 3.0 (GraphPad, San Diego, CA).

3. RESULTS

3.1. MYH binds to the interdomain connecting loop of Hus1

We have shown that hMYH physically interacts with 9-1-1 mainly via the Hus1 subunit 

[21]. The Hus1 binding site is located within the IDC region (residues 295–350) of hMYH 

[21]. However, the regions of hHus1 protein engaged in the physical interaction with MYH 

have not been determined. Thus, we generated a panel of hHus1 deletion constructs fused to 

GST (Figs. 3A and 3B) to map the MYH interacting region. Because MYH binds 

preferentially to the Hus1 subunit over Rad1 and Rad9 [21] and the IDCL (residues 134–

155) of Hus1 is strikingly different from those of Rad1 and Rad9 [29–31] (Fig. 1A), we 

focused on examining this IDCL region. In the GST pull-down experiments, we used mMyh 

[44], which is 77% identical and 90% similar to hMYH, due to technical difficulties for 
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purifying hMYH. First, we compared the ability of hHus1N (residues 1–146) and hHus1C 

(residues 147–280) to bind mMyh. Immobilized GST-hHus1N and GST-hHus1C (Fig. 3B, 

lane 6 and 8, respectively) both precipitated mMyh in a similar manner as the wild-type 

GST-hHus1 (Fig. 3C, lanes 3, 7, and 9) whereas bead-bound GST did not (Fig. 3C, lane 2). 

Because GST-hHus1C was easily degraded during purification (Fig. 3B, lane 8), we further 

analyzed variants of GST-hHus1N. Adding the missing IDCL residues to hHus1N gave the 

hHus1N(+) construct (residues 1–155) which did not change mMyh binding (Fig. 3C, 

compare lanes 6 and 7). In contrast, deletion of the remaining IDCL residues from hHus1N 

in the hHus1N(−) construct (residues 1–133) resulted in a reduced interaction with mMyh 

(Fig. 3C, lanes 7 and 8). Further deletion into the N-terminal domain in hHus1N1 (residues 

1–90) resulted in a total loss of mMyh binding (Fig. 3C, lane 10). Thus, our results indicate 

that both the N- and C-terminal halves of Hus1 can interact with MYH and residues 134–

146 of the N-terminal domain of hHus1 are critical for Hus1N-MYH interaction, which may 

be supplemented by a minor role for residues 91–133.

3.2. Both N- and C-terminal domains of hHus1 can stimulate MYH glycosylase activity

We have shown that the hHus1 subunit alone can stimulate Schizosaccharomyces pombe 

(Sp) Myh1 glycosylase activity slightly less effectively than the intact Sp9-1-1 complex 

[21]. Stimulation of SpMyh1 glycosylase activity requires a substantial molar excess of 

hHus1 over SpMyh1 protein. Since we had demonstrated that only discrete domains of 

hHus1 were required for binding to mMyh, we next tested whether truncated hHus1 proteins 

could stimulate mMyh glycosylase activity. We kept the ratio of mMyh to DNA near 1 in 

order to observe better stimulation effect. As shown in Fig. 4, both Hus1N and Hus1C could 

stimulate mMyh glycosylase activity but required higher ratios of protein over mMyh to 

achieve the same degree of stimulation observed with intact Hus1. Interestingly, inclusion of 

the complete IDCL (in Hus1N+) conferred weaker Myh-stimulating activity versus Hus1N, 

which only contains half of the IDCL. In contrast, Hus1N1 (residues 1–90) did not 

detectably stimulate mMyh glycosylase activity (Fig. 4A, lanes 19–21), consistent with its 

inability to bind mMyh (Fig. 3C).

To further identify residues within the hHus1 IDCL region that are important for interacting 

with and stimulating mMyh activity, we inspected the Hus1 structure and selected two 

residues in IDCL region for mutagenesis (Fig. 1B). K136 and V137 precede the α-helix in 

the IDCL region of Hus1 and are conserved between hHus1 and SpHus1. Both K136A and 

V137A mutants of hHus1 exhibited similar physical interactions with mMyh as observed 

with wild-type Hus1 (Fig. 3C, lanes 3–5). However, Hus1V137A retained (Fig. 5A), whereas 

Hus1K136A lost (Fig. 5B), the ability to stimulate mMyh glycosylase activity. These data 

demonstrate that physical interaction between Hus1 and MYH is not sufficient for Hus1 to 

enhance the MYH glycosylase.

3.3. Functional interaction of 9-1-1 with MYH

Our previous results showed that the Sp9-1-1 complex can stimulate SpMyh1 glycosylase 

activity [21]. To determine whether a similar functional relationship exists among the 

homologous mammalian components, we expressed and purified the human Rad91-266-

Rad1-Hus1 (91-266-1-1) complex. The purified 91-266-1-1 complex was >90% pure and 
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contained all three subunits in equal molar ratios (Fig. 2, lane 13). In comparison to size 

markers, the 91-266-1-1 complex eluted from a gel filtration column at the position indicating 

a molecular weight of about 100 kDa (data not shown), which is consistent with the 

theoretical value of a trimeric complex. We then compared the ability of human 91-266-1-1 

and its substituent subunits (hRad91-266, Rad1, and Hus1) to stimulate mMyh glycosylase 

activity. As shown in Fig. 6, Rad91-266 and Hus1 (based on monomer concentrations) each 

stimulated mMyh glycosylase activity to a similar degree but slightly weaker than the 

91-266-1-1 complex. Addition of Rad1 also resulted in a detectable enhancement of mMyh 

glycosylase activity but to a significantly lesser degree when compared to Rad91-266, Hus1, 

or the 91-266-1-1 complex. Thus, individual subunits of the 9-1-1 complex exert different 

functional consequences upon binding MYH.

We have shown that hMYH interacts with 9-1-1 mainly via the Hus1 subunit and that Rad9 

is the weakest binding partner [21]. However, Fig. 6B shows that Rad91-266 has the same 

stimulatory capability of Hus1 on MYH activity. To investigate whether the C-terminal 

domain of Rad9 causes this disparity in MYH interaction, we tested the effect of Rad9fullon 

MYH stimulation. As shown in Fig. 6 (lanes 19–21), retention of the C-terminal domain of 

Rad9 weakened MYH stimulation. At a Rad9/Myh ratio of 16, Rad9full enhanced mMyh 

activity by 2.4-fold while Rad91-266 stimulated mMyh activity by 4.2-fold (p≤0.01). In 

addition, deletion of the C-terminal domain of Rad9 increases MYH binding (Fig. 6C). 

Thus, the C-terminal domain of Rad9 plays a role in MYH physical and functional 

interaction.

3.4. DNA binding of 9-1-1 and its subunits

It has been shown that human 91-272-1-1 can bind to DNA [30]. The 9-1-1 ring is supposed 

to encircle double-stranded DNA [30]. To determine the roles of individual 9-1-1 subunits in 

DNA recognition, we first measured their ability to bind the linear blunt-ended HC40:HG40 

DNA substrate by electrophoresis mobility shift assay (EMSA). 91-266-1-1, Rad91-266, Hus1, 

and Rad1 all bound HC40:HG40 DNA but generated complexes migrating at different 

positions in the native gel (Fig. 7). 91-266-1-1 and Rad1 formed discrete bands with DNA 

(Fig. 7, lanes 1–13). The 91-266-1-1 complex reached 30% shift at 1120 nM protein (Fig. 7, 

lane 7). Rad1 had the weakest DNA binding activity compared to the other subunits, with 

only 5% of the DNA substrate shifted in the presence of 1120 nM protein (Fig. 7, lane 13). 

Rad91-266 shifted the DNA probe without forming a consistently sized DNA-protein 

complex which gradually migrated towards the gel origin with increasing protein 

concentration. At 560 nM, all DNA labeled probe was shifted by Rad91-266 toward the gel 

origin. By contrast, the Hus1:DNA complex barely entered the gel. By EMSA, Hus1 

appeared to show relatively high affinity for the HC40:HG40 DNA substrate with about 

50% of the DNA substrate bound at 560 nM protein concentration.

Using anisotropy assays [42,43], we then quantified and compared the DNA binding 

affinities of these proteins with different DNA substrates in solution. Rad91-266 bound to 

A/Go-20 DNA with a [P]1/2 (protein concentration yielding half-maximal DNA binding) 

value of 258± 13 nM (Fig. 8A and Table 1), similar to the [P]1/2 of 91-266-1-1 (208± 13 nM). 

By contrast, the [P]1/2 of Hus1 binding to A/Go-20 DNA was 2170 ± 210 nM. Rad1 binding 
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to A/Go-20 was very weak and saturation could not even be approached at concentrations up 

to 10 μM (data not shown). By comparing [P]1/2 values, we conclude that the affinities of 

the 91-266-1-1 complex and its components for A/Go-20 DNA is in the order: 91-266-1-1 ≈ 

Rad91-266> Hus1 ≫ Rad1. To test whether 9-1-1 has a preference to bind A/Go-DNA, we 

compared its binding with homoduplex C:G-DNA. 91-266-1-1 bound to HC20:HG20 DNA 

with a [P]1/2 value of 229± 15 nM (Fig. 8B and Table 1). Thus, DNA binding by 91-266-1-1 

is independent of a base/base mismatch.

When using longer blunt-ended DNA (HC40:HG40 DNA) without a base/base mismatch in 

the anisotropy assay (Fig. 8C), the [P]1/2 values of 91-266-1-1 and Rad91-266 were 185± 14 

and 233± 4 nM, respectively. These [P]1/2 values are similar to those with A/Go-20 or 

HC20:HG20 DNA (Table 1). The [P]1/2 value of Hus1 binding to HC40:HG40-DNA was 

582± 47 nM which is about 4-fold stronger than to A/Go-20 DNA. There is a discrepancy 

between the apparent DNA binding affinities of 91-266-1-1, Rad91-266 and Hus1 when 

measured by anisotropy as compared to EMSA methods. In particular, 91-266-1-1 showed 

higher affinity for HC40:HG40-DNA than Rad91-266 or Hus1 when measured using the 

anisotropy assay (Table 1) but lower DNA binding affinity than these individual subunits 

when compared by EMSA (Fig. 7). The substantial differences in apparent binding affinities 

determined by these two methods suggest that the DNA binding by the 91-266-1-1 clamp 

may be more sensitive to gel sieving or exhibit faster dynamics than complexes formed 

using Rad91-266 alone. Because the anisotropy-based assay measures binding under true 

equilibrium conditions, the data obtained by this method provide a better index of solution 

binding affinity.

It has been shown that 9-1-1 is preferentially loaded by Rad17-RFC2–5 onto DNA substrates 

possessing 5′ recessed ends [9,10,12][10,12]. However, it has not been reported that 

91-266-1-1 prefers to associate with 5′-recessed DNA substrates in the absence of its clamp 

loader. To examine whether 91-266-1-1, Rad91-266 and Hus1 have this property, we 

measured their binding affinities for HC40:HG20-DNA containing a 5′ recessed end. The 

[P]1/2 value for 91-266-1-1 binding to HC40:HG20-DNA was 18.2± 0.9 nM (Fig. 8D and 

Table 1) which is 10-fold lower than its [P]1/2 (185± 14 nM) for HC40:HG40-DNA. 

Conversely, the binding affinities of Rad91-266 and Hus1 for HC40:HG20-DNA were 

similar to those for HC40:HG40-DNA (Table 1). Because Rad1 binds DNA very weakly, its 

binding to 5′ recessed DNA substrates was not tested. To confirm the preferential binding of 

5′ recessed DNA by 91-266-1-1, we measured its affinity for the HC20:HG40-DNA substrate 

which contains a 3′ recessed end. The [P]1/2 value for 91-266-1-1 binding to HC20:HG40-

DNA was 118± 10 nM (Fig. 8E and Table 1) which is close to the [P]1/2 (185± 14 nM) for 

HC40:HG40-DNA but is 6.5-fold higher than the [P]1/2 (18.2± 0.9 nM) for HC40:HG20-

DNA. Given that these observations were made in the absence of the Rad17-RFC2–5 clamp 

loader, we suggest that this preference for 5′ recessed DNA substrate is an intrinsic property 

of the 9-1-1 complex. However, the binding preference for 5′ recessed DNA ends was not 

observed with Rad91-266 and Hus1 indicating that enhanced recognition of these DNA 

structures by 9-1-1 proteins only occurs in the heterotrimeric context.
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3.5. DNA binding activity of Hus1 deletion constructs and mutants

To determine which domain(s) of Hus1 is responsible for DNA binding, we analyzed Hus1 

deletion constructs and mutants described in Fig. 3A. Hus1 shows relatively similar affinity 

for DNA using both EMSA and anisotropy assays (Figs. 7 and 8). We elected to use EMS 

As to qualitatively assess Hus1 domain binding to DNA because this assay is convenient 

and requires far smaller quantities and lower concentrations of enzymes. One complication 

with these EMSA experiments was that DNA complexes with Hus1, Hus1N+, Hus1N, and 

the two Hus1 point mutants barely entered the gels when run using TBE buffer. Because 

similar patterns were observed even at low protein concentrations and with different Hus1 

deletion constructs, it is unlikely that the DNA is simply precipitated by Hus1 in the binding 

buffer. To investigate whether Hus1:DNA complex is precipitated after loading onto the 

polyacrylamide gel containing TBE buffer, we loaded the binding reactions on gels 

containing different buffers. As shown in Fig. 9B, Hus1:DNA complexes migrated well into 

gels containing 150 mM imidazole/1 mM EDTA (pH 9.3) buffer, revealing multiple 

Hus1:DNA complex species. However, gel patterns were usually distorted, likely due to the 

low buffering capacity of imidazole. As shown in Fig. 9B (lanes 8–12), the Hus1N:DNA 

complex was also well resolved using gels containing 150 mM imidazole. By comparison, 

the percentages of shifted Hus1:DNA and Hus1N:DNA complexes in gels containing 

imidazole were similar to those retained in the wells of TBE gels (compare lanes 2–6 of Fig. 

9B with lanes 2–6 of Fig. 9A and lanes 8–12 of Fig. 9B with lanes 14–18 of Fig. 9A). From 

these data, we conclude that the bands retained near the wells of gels containing TBE buffer 

are likely specific protein-DNA complexes. Based on this premise, TBE-buffered EMSA 

analyses of the remaining Hus1 mutants revealed that intact Hus1, Hus1N, and Hus1N+ 

could bind HC40:HG40-DNA (Fig. 9C) while Hus1C and Hus1N1 did not detectably bind 

DNA (Fig. 9A, lanes 20–31). Hus1V137A had similar DNA binding activity as wild-type 

Hus1 while Hus1K136A did not bind DNA (Fig. 9A, lanes 32–43 and Fig. 9D). Together, 

these data demonstrate that a domain between residues 91–146 of Hus1 that involves K136 

is required for DNA binding.

4. DISCUSSION

In the present study, we reveal the differential roles played by the 9-1-1 subunits in physical 

and functional interactions with the MYH glycosylase and DNA binding. The three subunits 

of 9-1-1 are structurally similar, but exhibit key differences [29–31] (Fig. 1A). This 

structural asymmetry correlates with an asymmetry in protein-protein interactions (reviewed 

in [18]). In particular, hMYH and hAPE1 bind preferentially to the Hus1 subunit [20,21]. 

The IDCL domain of Hus1 is substantially different from those of Rad9 and Rad1 [29–31] 

(Fig. 1A). Both hHus1N (residues 1–146) and hHus1C (residues 147–280) share structural 

symmetry and contain half of IDCL. However, the half IDCL of hHus1N contains a α-helix 

while that of hHus1C is disordered [29–31] (Fig. 1B). Here, we show that MYH binds to 

both Hus1 halves and that residues 134–155 in the IDCL of hHus1 are critical for MYH 

interaction. Both Hus1N and Hus1C can also enhance MYH activity but to a lower extent 

than intact Hus1. Curiously, Hus1N+ (residues 1–155), which contains the complete IDCL, 

was less effective in stimulating Myh activity than Hus1N, which only contains one half of 
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the IDCL. The cause of the different Myh-activating potentials of each mutant Hus1 requires 

further investigation.

In our initial attempt to identify MYH interacting motif(s) on Hus1, we examined two Hus1 

mutants. Although both Hus1V137A and Hus1K136A mutants physically interact with mMyh 

similar to wild-type Hus1, Hus1V137 retains, whereas Hus1K136A lacks, the ability to 

stimulate mMyh glycosylase activity. The K136A mutation, constructed in the intact Hus1 

protein, appears to inactivate the ability of Hus1C to enhance the MYH activity. We offer 

two possibilities. It is possible that the K136A mutation may alter the conformation of 

Hus1C. Another possibility is that there may be some exposed surfaces that exist in 

truncated Hus1-C domain that are hidden in the intact Hus1K136A protein. In addition, 

Hus1V137A has DNA binding activity similar to wild-type Hus1 while Hus1K136A cannot 

bind DNA. It has been shown that positively charged residues in the center of the PCNA 

clamp make contact with DNA [35]. Because K136 of Hus1 is not located near the center of 

the 9-1-1 clamp [29–31] (Fig. 1B), the reason why Hus1K136A is unable to bind DNA 

remains unclear. It also remains to be confirmed whether the DNA binding ability of Hus1 is 

associated with its stimulation of MYH activity. However, such a mechanical connection 

might be not necessary because Hus1C can both physically and functionally interact with 

MYH, but it cannot bind DNA.

Among the 9-1-1 subunits, we have shown that Hus1 is the preferred partner, while intact 

Rad9 is the poorest interacting partner for hMYH [21] and SpMyh1 [19]. The Hus1 binding 

site is located within the IDC region (residues 295–350) of hMYH [21]. Recently, Agustina 

et al. [45] showed that hRad9 interacts with N-terminal region (residues 1–74) of hMYH. 

Thus, the physical interactions of MYH with Hus1 and Rad9 appear different. Here we show 

that truncated Rad91-266 and Hus1 can stimulate mMyh activity to a similar extent, however, 

intact Rad9 has a weaker MYH stimulation than Rad91-266(Fig. 6). In addition, intact Rad9 

has a weaker physical interaction with MYH than Rad91-266 (Fig. 6C). Thus, the C-terminal 

domain of Rad9 has a negative effect on MYH physical and functional interaction. It has 

been shown that 91-272-1-1, but not intact 9-1-1 (purified from bacteria, thus without post-

transcriptional modification), binds DNA. This suggests that the C-terminal domain of Rad9 

may block DNA binding in the intact 9-1-1 clamp. It will be interesting to learn whether 

phosphorylation of the C-terminal domain of Rad9 can alter MYH interaction or DNA 

binding because this domain is phosphorylated upon DNA damage and is required for 

checkpoint function [46,47].

Our results show that 91-266-1-1 binding to DNA is independent of a base/base mismatch 

suggesting it is not involved in DNA damage recognition. Our DNA binding data also show 

that 91-266-1-1 prefers binding to 5′ recessed DNA. This is consistent with the previous 

finding that 9-1-1 has a preference to be loaded on DNA substrates possessing 5′ recessed 

ends by Rad17-RFC2–5 clamp loader [10,12,48]. Our results suggest that this preference for 

5′ recessed DNA substrate is an intrinsic property of the 9-1-1 complex even in the absence 

of the clamp loader. We believe that 91-266-1-1 is loaded onto the 5′-recessed DNA without 

the clamp loader for two reasons. First, the oligonucleotides used in our experiments are 

relatively short and they can run through the channel of the ring and contact the positively 

charged residues in the channel of the clamp. Second, we observed high binding affinity 
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([P]1/2 is 18.2 nM) with 91-266-1-1 and 5′-recessed DNA (Table 1). Such high binding 

affinity indicates that the clamp stays at the single-stranded and double-stranded DNA 

junction and does not slide away. The preference for binding DNA containing 5′ recessed 

ends is not observed with Rad91-266 and Hus1. Thus, preferential recruitment of 9-1-1 to 5′-

recessed DNA is dependent of complex formation. The DNA binding modes of Rad91-266 

and Hus1 are also distinct from that of 91-266-1-1 as indicated by their different gel mobility 

patterns in EMSA analyses (Fig. 7).

Through this study we demonstrated, for the first time, that the structural asymmetry of the 

9-1-1 subunits contributes to differential DNA binding (Table 1). Our data show that 

Rad91-266 has significantly stronger DNA binding affinity than the other two subunits (Fig. 

8 and Table 1). In fact, hRad91-266 binds to A/Go-20 and C40/G40 with similar affinity as 

91-266-1-1. The N-terminal half of Hus1, which is adjacent to Rad9 in the 9-1-1 clamp [29–

31], also has moderate DNA binding activity. A domain between residues 91–146 of Hus1 is 

required for DNA binding. Within this region, K93 of Hus1 is located in the inner ring of the 

9-1-1 complex [29–31] and is predicted to interact with DNA [49]. However, the C-terminal 

half of Hus1 does not bind DNA and Rad1 plays a minimal role in DNA binding. Based on 

these data, we suggest that DNA encircled by the 9-1-1 clamp may be tilted toward Rad9 

and the N-terminal domain of Hus1 (Fig. 1A). Our results are in agreement with the E. coli 

β-clamp-DNA complex [50] and the simulated PCNA/FEN1/DNA model [49]. However, 

our data do not support the simulated 91-270-1-1/FEN1/DNA model in which all three 

subunits of 91-270-1-1 make contacts with DNA [49].

In conclusion, our results demonstrate that each subunit of the 9-1-1 complex plays a distinct 

role in MYH-directed BER and supports a model whereby Hus1 binds to and stimulates 

MYH [21] and APE1 [20], Rad9 interacts with DNA, and Rad1 may recruit other BER 

factors such as FEN1 [31,49]. We have shown previously that deletion of fission yeast S. 

pombe SpMyh1 strongly abrogated the association of SpHus1 with telomeres [51]. hMYH 

knockdown in human cells decreases Chk1 and Cdc25C phosphorylation in response to 

H2O2 treatment [52] and decreases p-Chk1 and p-Cdk2 after hydroxyurea treatment [45]. 

Thus, we suggest that MYH first recognizes a mismatch then recruits 9-1-1 to sites of DNA 

damage through MYH-Hus1 interaction. 9-1-1 recruitment enhances MYH activity and 

recruits/activates APE1. Since 9-1-1 has no preference for mismatch and prefers to bind 5′ 

recessed end, one possibility is that after APE1 function, the exposure of single-stranded 

DNA may secure 9-1-1 at the site where Rad9 and the N-terminal domain of Hus1 bind to 

DNA and prevent the clamp to slide away. This model may provide a biochemical rationale 

for the 9-1-1-dependent enhancement of BER via increasing local repair enzyme 

concentrations.
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Refer to Web version on PubMed Central for supplementary material.
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The abbreviations used are

9-1-1 Rad9, Rad1, and Hus1 heterotrimer complex

AP apurinic/apyrimidinic

APE1 AP endonuclease

BER base excision repair

DDR DNA damage response

DTT dithiothreitol

ECL Enhanced Chemiluminescence

EMSA electrophoresis mobility shift assay

Go or 8-oxoG 7,8-dihydro-8-oxo-guanine

GST glutathione-S-transferase

h human

h coefficient Hill (cooperative) coefficient

IDC interdomain connector

IDCL interdomain connecting loop

m mouse

MYH MutY homolog

[P]1/2 protein concentration yielding half-maximal DNA binding

PCNA proliferating cell nuclear antigen

PCR polymerase chain reaction

Rad91-266 hRad9 containing residues 1–266 of 391

RFC replication factor C

SDS-PAGE sodium dodecyl sulfate-polyacrylamide gel electrophoresis

Sp Schizosaccharomyces pombe

TBE Tri-borate-EDTA buffer
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Highlight

• Individual Rad9-Rad1-Hus1 (9-1-1) subunits play distinct roles in BER.

• The interdomain connecting loop of Hus1 is a key determinant of MYH binding.

• The K136A mutant demonstrated that Hus1 binding is uncoupled from MYH 

activation.

• The order of DNA binding affinity is:91-266-1-1 ≥ Rad91-266> Hus1 ≫ Rad1.

• Preferential binding of 9-1-1 to 5′-recessed DNA is independent of clamp 

loader.
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Fig. 1. 
(A) Structure of the human 9-1-1 complex. The crystal structure 91-272-1-1 is shown (RCSB 

codes:3A1J) [30]. The structure of the extreme C-terminal domain of Rad9 (Rad9Cter) has 

not been determined. The key differences among the three subunits are circled in red. The 

DNA in the channel of the 9-1-1 ring is tilted toward Rad9 and the N-terminal domain of 

Hus1 based on the data from this paper. (B) Structure of Hus1 showing the locations of 

K136 and V137 based on the structure of 91-272-Rad1-Hus1 (RCSB codes:3A1J) [30]. N and 

C indicate N- and C-termini, respectively.
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Fig. 2. 
Purified His-tagged Hus1 constructs, Rad1, Rad9, Rad91-266, 91-266-1-1, and mMyh (as 

indicated) were analyzed by SDS-PAGE and stained by Coomassie blue. Lanes 1, 8, and 10 

serve as molecular weight markers for lanes 2–7, 9, and 11–15, respectively. Lanes 1–7 and 

lanes 8–15 are run on 15% and 12% gels, respectively.
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Fig. 3. 
The interdomain connecting loop (IDCL) of hHus1 is required for its interaction with 

mMyh. (A) The GST-tagged hHus1 constructs used in the pull-down analyses are depicted. 

Numbers represent residues within the truncated Hus1. The IDCL between the N- and C-

terminal domains of hHus1 consists of residues 134–155. (B) GST and the GST-hHus1 

fusion proteins (as indicated on top of each lane) used in the mMyh pull-down experiments 

were analyzed by SDS-PAGE. The membrane was stained with Coomassie Blue. (C) 

Immobilized GST and GST-hHus1 constructs were used to pull-down His-mMyh. Lane 1 

contains 10% of input mMyh protein. Lanes 2–10 used GST and GST-hHus1 constructs as 

indicated in lanes 1–9 of (B) in the His-mMyh pull-down experiments. His-mMyh was 

detected by Western blotting with an anti-His antibody.
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Fig. 4. 
mMyh glycosylase activity can be enhanced by Hus1 deletion constructs. (A) Assay of 

mMyh glycosylase activity in the presence of Hus1 constructs. Lane 1, 5′-32P -labeled A/Go-

containing DNA. Lane 2, 0.18 nM A/Go-DNA was incubated with 0.2 nM mMyh. Lanes 3–

5 are similar to lane 2 but included 0.4, 1.6, and 6.4 nM hHus1, respectively. Lane 6, A/Go-

DNA was incubated with 6.4 nM hHus1 without mMyh. Lanes 7–22 are similar to lanes 3–6 

except with Hus1N+, Hus1N, Hus1C, or Hus1N1 as indicated. The concentrations of Hus1 

constructs are based on monomers. Arrows mark the intact DNA substrate (S) and the 

cleavage product (P). (B) Quantitative analyses of mMyh glycosylase stimulation by each 

hHus1 construct tested in (A). The percentage (%) of cleavage was calculated as P/(P+S). 

Fold stimulation was calculated using % of cleavage in Myh alone in lane 2 as standard. 

Error bars indicate SD; n = 3.
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Fig. 5. 
mMyh glycosylase activity can be enhanced by Hus1V137A but not by Hus1K136A. (A) 

Assay of mMyh glycosylase activity in the presence of Hus1 and Hus1V137A. Lane 1, 

5′-32P-labeled A/Go-containing DNA. Lane 2, 0.18 nM A/Go-DNA was incubated with 0.2 

nM mMyh. Lanes 3–7 are similar to lane 2 but included with 0.6, 1.2, 2.4, 4.8, and 9.6 nM 

hHus1, respectively. Lane 8, A/Go-DNA was incubated with 9.6 nM hHus1 without mMyh. 

Lanes 9–14 are similar to lanes 3–8 except with Hus1V137A. The reaction products were 

separated on large denaturing gels (38 cm × 43 cm). Arrows mark the intact DNA substrate 

(S) and the cleavage product (P). (B) Assay of mMyh glycosylase activity in the presence of 
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Hus1 and Hus1K136A. Reactions are similar to (A) except that lanes 9–14 are with 

Hus1K136A and products were separated on small gels (8 cm × 8 cm). (C) Quantitative 

analyses of mMyh glycosylase stimulation by Hus1 constructs from results in (A) and (B). 

Fold stimulation was calculated as in Fig. 4B. Error bars indicate SD; n = 3.
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Fig. 6. 
mMyh glycosylase activity can be enhanced by 9-1-1 and its subunits. (A) Assay of mMyh 

glycosylase activity in the presence of human 91-266-1-1, Rad91-266, Rad1, Hus1, and Rad9 

(labeled as Rad9full). Lane 1, 5′-32P -labeled A/Go-containing DNA. Lane 2, 0.18 nM A/Go-

DNA was incubated with 0.2 nM mMyh. Lanes 3–5 are similar to lane 2 but included 0.4, 

1.6, and 6.4 nM 91-266-1-1, respectively. Lane 6, A/Go-DNA was incubated with 6.4 nM 

91-266-1-1 without mMyh. Lanes 7–22 are similar to lanes 3–6 except with Rad91-266, Rad1, 

Hus1, or Rad9full as indicated. The concentrations of Rad91-266, Rad1, Hus1, and Rad9full 

are based on monomers. Arrows mark the intact DNA substrate (S) and the cleavage product 

(P). (B) Quantitative analyses of mMyh glycosylase stimulation by 91-266-1-1 and its 

subunits from results in (A). Fold stimulation was calculated as in Fig. 4B. Error bars 

indicate SD; n = 3. (C) Rad9 lacking the C-terminal domain has higher affinity for MYH 

than does intact Rad9. Immobilized GST, GST-hRad9full, and GST-hRad91-266 constructs 

were used to pull-down His-mMyh. GST pull-down experiments were performed similar to 

Fig. 3C.
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Fig. 7. 
DNA binding activity of 9-1-1 and its subunits. Binding of human 91-266-1-1, Rad91-266, 

Rad1, and Hus1 with HC40:HG40-DNA was performed by EMSA. The protein:DNA 

complexes were fractionated with 6% polyacrylamide gels containing TBE buffer. Lanes 1, 

14, and 20: 5′-32P -labeled DNA. Lanes 2–7, DNA was incubated with 0.035, 0.07, 0.14, 

0.28, 0.56, or 1.12 μM 91-266-1-1, respectively. Lanes 8–13 are similar to lanes 2–7 except 

with Rad1. Lanes 15–19 and lanes 20–25 are similar to lanes 3–7 except with Rad91-266 and 

Hus1, respectively, as indicated. Arrows mark the positions of free DNA substrate and the 

bound complexes.
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Fig. 8. 
DNA binding curves of 9-1-1 and its subunits by fluorescence anisotropy assay. (A), (C), 

and (D) represent DNA binding of 91-266-1-1 (circles), Rad91-266 (squares), and Hus1 

(triangles) with FAM-labeled A/GO-20, HC40:HG40 (blunt-ended), and HC40:HG20-DNA 

(5′-recessed), respectively. (B) shows the 91-266-1-1 binding with A/GO-20 (close circles) 

and homoduplex HC20:HG20 DNA (open circles). The data of the 91-266-1-1 binding with 

A/GO-20 are the same shown in (A). (E) represents the 91-266-1-1 binding with 3′-recessed 

HC20:HG40-DNA. The concentrations of Rad91-266 and Hus1 are based on monomers. 

Nonlinear regression analyses of anisotropy values taken across at least 15 protein 

concentrations were performed by PRISM version 3.0 using Equation 2. Rad1 DNA binding 

curves are not shown because saturation could not be approached even at concentrations up 

to 10 μM.
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Fig. 9. 
DNA binding activity of Hus1 deletion constructs and mutants. (A) Binding of Hus1 

variants with HC40:HG40-DNA was performed by EMSA in gels containing TBE buffer. 

Lanes 1, 32, and 38 contained 5′-32P -labeled DNA. Lanes 2–7, DNA was incubated with 

0.07, 0.14, 0.28, 0.56, 1.12, or 2.24 μM hHus1, respectively. Lanes 8–13, 14–19, and 26–31 

are similar to lanes 2–7 except with Hus1N+, Hus1N, or Hus1N1 as indicated. Lanes 20–25, 

DNA was incubated with 0.035, 0.07, 0.14, 0.28, 0.56, or 1.12 μM Hus1C, respectively. 

Lanes 33–37 and 39–43 are similar to lanes 2–6 except with Hus1V137A and Hus1K136A, 

respectively. Arrows mark the positions free DNA substrate and the bound complex. (B) 

Binding of Hus1 and Hus1N with HC40:HG40-DNA was performed by EMSA in gels 

containing 150 mM imidazole/1 mM EDTA buffer. Lanes 1–6 are similar to lanes 1–6 in 

(A) and lanes 8–12 are similar to lanes 14–18 in (A) except the gels were run with different 

buffers. The position of free DNA substrate is marked by an arrow and the bound complexes 

are marked by stars on the right of the bands. (C) Quantitative analyses of the percentage of 

DNA bound by each Hus1 deletion construct from results in (A). The percentage (%) of 

DNA bound was calculated as bound/(bound+free). Error bars indicate SD; n = 3. (D) 

Quantitative analyses of the percentage of DNA bound by Hus1V137A as compared to wild-

type Hus1. Analyses are similar to (C).
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Table 1

Protein concentration yielding half-maximal DNA binding ([P]1/2) for 91-266-1-1 and its subunits determined 

by anisotropy.

DNA Enzyme [P]1/2 (nM)

A/Go-20 91-266-1-1 208 ± 13

A/Go-20 Rad91-266 258 ± 13

A/Go-20 Hus1 2170 ± 210

HC20:HG20 91-266-1-1 229 ± 15

HC40:HG40 91-266-1-1 185 ± 14

HC40:HG40 Rad91-266 233 ± 4

HC40:HG40 Hus1 582 ± 47

HC40:HG20 91-266-1-1 18.2 ± 0.9

HC40:HG20 Rad91-266 246 ± 11

HC40:HG20 Hus1 512 ± 38

HC20:HG40 91-266-1-1 118 ± 10

DNA Repair (Amst). Author manuscript; available in PMC 2016 July 01.


