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Background: The 9-1-1 complex mediates checkpoint signaling and repair.

Results: HUSI functional residues for clamp formation, DNA contacts, and protein-protein association were identified.
Conclusion: HUS1 mediates checkpoint signaling-independent effector functions.

Significance: Learning how the 9-1-1 complex contributes to both checkpoint signaling and DNA repair is important for
understanding the molecular mechanisms underlying a robust DNA damage response.

The RAD9A-HUS1-RAD1 (9-1-1) complex is a heterotrim-
eric clamp that promotes checkpoint signaling and repair at
DNA damage sites. In this study, we elucidated HUS1 functional
residues that drive clamp assembly, DNA interactions, and
downstream effector functions. First, we mapped a HUSI-
RADYA interface residue that was critical for 9-1-1 assembly
and DNA loading. Next, we identified multiple positively
charged residues in the inner ring of HUS1 that were crucial for
genotoxin-induced 9-1-1 chromatin localization and ATR sig-
naling. Finally, we found two hydrophobic pockets on the HUS1
outer surface that were important for cell survival after DNA
damage. Interestingly, these pockets were not required for 9-1-1
chromatin localization or ATR-mediated CHK1 activation but
were necessary for interactions between HUS1 and its bind-
ing partner MYH, suggesting that they serve as interaction
domains for the recruitment and coordination of down-
stream effectors at damage sites. Together, these results indi-
cate that, once properly loaded onto damaged DNA, the 9-1-1
complex executes multiple, separable functions that promote
genome maintenance.

When left unchecked, DNA insults from exogenous and
endogenous sources can lead to premature aging, developmen-
tal defects, and tumorigenesis (1). To prevent these deleterious
outcomes, cells have evolved DNA damage response (DDR)?
pathways that are responsible for triggering an appropriate pro-
tective reaction to genome damage. Central to DDR pathways
are checkpoint proteins that regulate cell cycle transitions,
DNA repair, replication fork stability, and apoptosis (2).
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The RAD9A-HUS1-RAD1 (9-1-1) clamp is a toroidal hetero-
trimeric DNA clamp that regulates checkpoint signaling after
DNA damage (3). It is essential for cell survival after genotoxin
exposure and during various physiological processes, such as
embryogenesis, adult tissue homeostasis, and spermatogenesis
(4-9). The 9-1-1 clamp is structurally related to proliferating
cell nuclear antigen (PCNA), a homotrimeric processivity fac-
tor for DNA replication and repair (10). Like PCNA, each 9-1-1
subunit folds into two globular domains linked by an interdo-
main connecting loop (11-13). The subunits associate in a
head-to-tail manner to form a stable heterotrimeric complex. A
clamp loader composed of RFC1-5 loads PCNA at 3’ recessed
DNA ends, whereas 9-1-1 is loaded by RAD17/RFC2-5 at 5’
recessed ends (14-16). Once loaded at damage sites, 9-1-1
stimulates ATR kinase activation through interactions with
TOPBP1 (17). Activated ATR phosphorylates several sub-
strates, including the effector kinase CHK1, which induce
cell cycle arrest, stabilize stalled forks, and inhibit origin
firing (2).

In addition to its checkpoint signaling functions, 9-1-1 also
acts directly in DNA repair through its role as a molecular scaf-
fold (3, 18, 19). The 9-1-1 clamp physically interacts with and
stimulates the activity of factors in many DNA repair pathways,
including base excision, mismatch, and nucleotide excision
repair, as well as homologous recombination, non-homologous
end joining, and translesion synthesis. Evaluating the physio-
logical significance of these interactions is challenging because
genetic approaches to ablate 9-1-1 function typically compro-
mise both checkpoint signaling and all other functions exe-
cuted by the clamp.

In order to resolve the relative importance of the checkpoint
signaling-dependent and -independent functions of the 9-1-1
complex, we endeavored to identify residues that are essential
for these functions and describe here residues in murine HUS1
(mHUS1) that mediate three critical 9-1-1 activities: clamp for-
mation, DNA association, and interaction with downstream
effectors. Consistent with the idea that 9-1-1 has critical
signaling-independent roles, we identified HUS1 domains that
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TABLE 1

Primers used for site-directed mutagenesis of mHus1

Structure/Function Analysis of HUS1

Mutations

Primer”

RADOY-interacting residue

R128E

5'-gtctccategageageagegaaategtggtgeatgatate-3'

Inner ring hydrophobic cleft

V19A,M22A,123A
V247A
V271A,L273A
R18A

R18Q
R18Q,M22T

5'-cttgtctgaatcatttcacacgagccagtaacgeggeagecaagcettgecaaaacctgeac-3’
5'-gccggacageaagegactcecaccaag-3'
5'-atttgctectggaagacgectecgeteagtatttcatcecage-3'
5’-Ctatcatgttactgactggtgtgaaatgattcagacaagccagg-3’b
5'-cttgtctgaatcatttcacacaagtcagtaacatgatagccaa-3’
5'-cttgtctgaatcatttcacacaagtcagtaacacgatagccaagcettgeca-3’

Inner ring positively charged residues

R18A

K25A
K25A,K28A
K93A
R90A,K93A
K165A
K165A,K168A
K173A,R175A
K236A,K237A

5 -Ctatcatgttactgactggtgtgaaatgattcagacaagccagg-3’b
5'-ggtgcaggttttggcaagegeggctatcatgttactgact-3'
5'-atgcggagggtgcaggttgeggcaagegeggctatcatgttactgac-3'°
5'-tctggagttctgggcagttgccaaggcetegagataagttt-3 v
5’—tggagttctgggcagttggcaaggctg&agataagttttccgacgttaattetaa-S’b
5’-ccacaacactcttcatcatcgccaaggctggtaagcaaatac-3'2

5'- gtttctcattttttccacaacactcggcatcatcggcaaggctggtaagcaaatactgacg-3’b
5’—ttcaatcacaagctgattgctgatgtttggcattggttccacaacactcttcatcatcttcaag—3"’
5'—aagaaactggaggagtggcggtatgtcaatgtgcaccttggccatgtcttct—3”’

Outer ring hydrophobic pocket

P150A
P150A,1152A,P153A,C155A
V257A,T261A
F276A,P278A

S53R

1152R

1152Y

1152F

5'-gtggaaggacttacaagaagcctccatcccagac-3’
5'-gactgtggaaggacttacaagaagcctcegecgeagacgetgacgteagtatttgett-3'
5'-caaggcagtgtgcaatattgcgaataacagagetgttcattttgatttgete-3’
5'-aagacgtctcccttcagtatgecategeagecttgtectagg-3'
5’-gctcacaccacatcctcacgectecac-3'2
5'-gacttacaagaaccctccagaccagactgtgacgtcag-3’
5'-aaggacttacaagaaccctcctacccagactgtgacgtcagtatt-3’
5'-cttacaagaaccctecttcccagactgtgacgt-3'

Outer ring novel pocket

F3A

F3R

F3R,R4A
G71W

179A

L105A
K104A,L105A,T106A
V138A,L139D
L105R

L139R

R4D

F3R,R4D

5'-[ccgegtggatec]atgaaggetegegecaagateg-3'¢
5'-cgcgtggatccatgaagegtegegecaagategtggace-3’
5'-cgcgtggatccatgaaggetgecgecaagategtggacct-3'
5'-gaacttttttagtgaatttcaaatggaatgggtctctgaagaaaacaacgagattt-3
5'-aggagtctctgaagaaaacaacgaggcttatttagaattaacgtcggaaaac-3’
5'-ccagagccttgaaaatcaaggcgactaacaaacactttecct-3'
5'-ccagaactccagagecttgaaaatcgeggeggetaacaaacacttteectgtettac-3
5'-gcatgatatccccataaaggetgatccgagaagactgtggaagg-3’
5'tccagagccttgaaaatcaagaggactaacaaacactttcectg-3'
5'-tcgtggtgcatgatatccccataaaggttagaccgagaagactgtgg-3’
5'-[cgcgtggatcc]atgaagtttgacgccaagategtggace-3'¢
5'-[cgcgtggatcc]atgaagegtgacgecaagategtggace-3'¢

Outer ring positively charged residues

K2A,R4A,K6A
R99A,K102A,K104A
K108A,H109A
K137A,R141A,R142A,K145A

5'-gacaagccaggtccacgatcgeggeggeaaacgccat[gaatecacgegg]-3'2¢

5'- gggaaagtgtttgttagtcagcgggattggcaaggctggggagttctgggcagttttcaagg—3’b
5’-cagacacggtaagacagggaaagggtgggttagtcagcttgattttcaagg-3’b
5’—ggttcttgtaagtccggccacagtg&tggcggaagaaccggtatggggatatcatgeaccacgattc—B’b

BII4-6 loop

A215-227
A215-227::hHusl loop

A215-227:PCNA loop

5'-gtgcaccttggccat ()taatagagggttttcaagatccttaaaa-3'>%
5'-attttaaggatcttgaaaaccctctattagcctctgaaagtacccatgaaaacagacacccagaagacatggeca-3'
5'-gcctctgaaagtacccatgaagacagaaacgtagaacacatggecaaggtgeaca-3'
5'-cattttaaggatcttgaaaaccctctattacaaactagcaatgtcgatcaaaacagacacccagaagacatggecaag-3’
5'-cttgaaaaccctctattacaaactagcaatgtcgataaagaagaagaggeagtagacatggecaaggtgeacat-3’

“ The positions of nucleotides altered to create desired mutations are underlined.
© Antisense primers. Primer orientation was chosen based on lower energy cost of mismatches.
¢ pGEX-2T sequences shown in brackets.
(), 39 nucleotides deleted.

are dispensable for ATR-mediated signaling to CHK1 but nev-
ertheless required for the cellular response to DNA damage.

Experimental Procedures

Plasmids and Mutagenesis—All mutations were introduced
into mHus! using a QuikChange Lightning multisite-directed
mutagenesis kit (Agilent Technologies) and the primers listed
in Table 1. Most mutagenesis was performed on the pBP2-
mHusl retroviral plasmid (20) as the template with two excep-
tions. In the first case, where compound mutations had to be
made sequentially, pBP2-mHus1 plasmids with intermediate
mutations were used as the template. In the second case,
residues Lys-2, Phe-3, Arg-4, and Lys-6 of mHUS1 were
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mutagenized with the pGEX2T-mHus1 plasmid as the tem-
plate because 5’ retroviral long terminal repeats in the pBP2-
mHus1 plasmid interfered with mutagenesis. Subsequently, the
pGEX2T-mHus1 mutants were subcloned into pBP2 plasmid.
Functionally defective mutant constructs were further sub-
cloned into pCMV-neo-Bam, plasmid (21) for mutant mHUS1
immunoblot detection as well as into p3XFLAG-CMV™-14
(Sigma) for immunofluorescence (IF) and chromatin fraction-
ation assays. All mutations were verified by DNA sequencing.
Cell Culture, Retroviral Infection and Transfection—All cul-
tured cells were grown on gelatinized dishes in Dulbecco’s
modified Eagle’s medium (Corning Inc.) supplemented with
10% bovine calf serum (Thermo Scientific Hyclone, SH30072),
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TABLE 2

List of UniProtKB accession numbers of the PCNA, RAD9A, HUS1, and RAD1 sequences used for evolutionary conservation analysis

Accession numbers

Organism Symbol PCNA RADYA HUS1 RAD1
Ailuropoda melanoleuca (giant panda) AILME D2HQS7 G1L1IM9 G1LDTO G1L9B8
Arabidopsis thaliana (mouse-ear cress) ARATH QIM7Q7 F4J7B7 Q709F6 Q8L7G8
Bos taurus (bovine) BOVIN Q3ZBW4 Q5EAC3 E1BGO6 E1BB72
Caenorhabditis elegans (nematode worm) CAEEL 002115 QINBJ6 G5EFI9 G5EC44
Callithrix jacchus (white-tufted-ear marmoset) CALJA F7GZC8 U3DMA2 F7G3C8 F7I3N9
Canis familiaris (dog) CANFA E2R0D6 F6XPS6 F1Q245 E2QYHS8
Cavia porcellus (guinea pig) CAVPO HOVE65 HOVIK1 HOWC14 HOVEA3
Ceratitis capitata (Mediterranean fruit fly) CERCA W8B157 W8CI9F2 W8C4C2 W8B5C0
Gallus gallus (chicken) CHICK Q9DEA3 R4GGO6 E1C814 E1C413
Chlamydomonas reinhardtii (Chlamydomonas smithii) CHLRE A8JHXO0 A8IS48 A8J5N4 AS8IFX0
Dictyostelium discoideum (slime mold) DICDI Q54K47 Q869Q1 Q54NCO Q55E62
Drosophila melanogaster (fruit fly) DROME P17917 096533 Q9VN60 QIvVQD4
Felis catus (cat) FELCA M3WAR4 M3W096 M3XC14 M3WY16
Equus caballus (horse) HORSE F6R950 F6QXP4 F7BM24 F6YZW4
Homo sapiens (human) HUMAN P12004 Q99638 060921 060671
Hydra vulgaris (hydra) HYDVU T2MH]J2 T2M799 T2MIV2 T2MID6
Lepisosteus oculatus (spotted gar) LEPOC W5NF42 W5MKE2 W5N6Y6 W5N1G5
Loxodonta africana (African elephant) LOXAF G3SY50 G3T2S3 G3TJN6 G3SZN1
Macaca mulatta (rhesus macaque) MACMU F6ZD63 HO9FXY2 F7F1Y2 F7A5K9
Mus musculus (mouse) MOUSE P17918 Q9Z0F6 Q8BQY8 QIQWZ1
Mustela putorius furo (European domestic ferret) MUSPF M3Y491 M3XXF9 M3Z395 M3YUMO
Myotis lucifugus (little brown bat) MYOLU GINW67 G1P3Z2 GINTI5 G1PS54
Neovison vison (American mink) NEOVI U6DX35 U6D1D1 U6CPZ2 U6CY10
Nomascus leucogenys (northern white-cheeked gibbon) NOMLE G1R863 G1R3F3 G1QWZ3 G1RWE2
Oreochromis niloticus (Nile tilapia) ORENI I3KAK2 13]C68 13K6T5 13JLK1
Ornithorhynchus anatinus (duckbill platypus) ORNAN F7BRC7 F6REC2 F7BS27 F6UI60
Otolemur garnettii (small-eared galago) OTOGA HOXLL4 HOXWZ7 HOX7H9 HOXC10
Pan troglodytes (chimpanzee) PANTR H2QJX3 K7DL38 H2QUJ9 K7BUEO
Sus scrofa (pig) PIG 13L813 FIRUX7 B6UV60 F1SND5
Polysphondylium pallidum (cellular slime mold) POLPA D3BSY5 D3BA05 D3BR17 D3BP)7
Pongo abelii (Sumatran orangutan) PONAB H2P1A0 H2NCN7 H2PXG5 Q5R7X9
Oryctolagus cuniculus (rabbit) RABIT G1SKZ3 G1TKX6 G1TRN1 G1T7G8
Rattus norvegicus (rat) RAT P04961 D3ZXM2 D3ZNAS8 D37C52
Sarcophilus harrisii (Tasmanian devil) SARHA G3WDY3 G3VT27 G3WOW1 G3WBB6
Schizosaccharomyces pombe (fission yeast) SCHPO Q03392 P26306 P78955 P22193
Ovis aries (sheep) SHEEP W5Q6P4 W5PNJ1 W5PS82 W5PPP9
Spermophilus tridecemlineatus (thirteen-lined ground squirrel) SPETR I3NDE1 I3NF38 I3BMYM9 I13MDU2
Strongylocentrotus purpuratus (purple sea urchin) STRPU W4Z5C9 W4YCUO W4ZAK8 W4ZIN8
Tetraodon nigroviridis (spotted green pufferfish) TETNG H3DD39 H3D6H6 H3D7M2 H3BWC7
Wickerhamomyces ciferrii (yeast) WICCF KOKS34 KOKG77 KOKFL9 KOKTE1
Xenopus laevis (African clawed frog) XENLA P18248 Q7Z2ZU5 Q8JHD8 Q8AY27
Xenopus tropicalis (Western clawed frog) XENTR Q66K]J8 Q6DJ26 Q6DF51 A9ULDS
Xiphophorus maculatus (Southern platyfish) XIPMA M4AKDO M4A625 M4AET7 M3ZPZ4
Saccharomyces cerevisiae (bakers’ yeast) YEAST P15873 Q08949 Q02574 P48581

1% nonessential amino acids (Corning Cellgro, 25-025-CI), 1%
L-glutamate (25-005-CI), and 1% penicillin and streptomycin
(30-002-CI). Expression of the various mHusl constructs in
Husl~'~p21~'~ mouse embryonic fibroblasts (MEFs) and
HEK293T cells (ATCC) was done in two ways. The first method
was pBabe-based retroviral transduction for low level ectopic
Husl expression as described previously (20). The second
method was plasmid transfection of pCMV-mHusl and
pCMV-mHus1-3XFLAG high level expression constructs
done as follows. A mix of 575 ul of DMEM, 40 ug of polyethyl-
eneimine, 4 ug of pCMV plasmid, and 1 ug of pGK-puro plas-
mid was dripped onto 10° Hus1 '~ p21 '~ MEFs seeded the
day before in a 10-cm dish. Transfected cells were selected in
culture medium containing 1.83 pg/ml puromycin, replaced
every other day for a week. Stable drug-resistant cells made
from both methods were cultured according to the 3T3 passag-
ing protocol for maintenance and experimental use. For co-
immunoprecipitation (co-IP) assays, pCMV-mHUS1 con-
structs were co-transfected with pCMV-hRad9a-Myc and
pCMV-hRad1l-HA plasmids.

Survival Assays—For short term viability assays, cells were
seeded in 6-well plates and either left untreated or treated with

14828 JOURNAL OF BIOLOGICAL CHEMISTRY

50 ng/ml 4NQO or 0.5 um aphidicolin for 24 h. Mitomycin C
(MMC) treatment was for 1 h. After 3 days, the cells were col-
lected by trypsinization and counted using a Moxi™ Z mini
automated cell counter (ORFLO Technologies). Percentage
survival was calculated by dividing the number of cells after
treatment by the number of untreated cells. Error bars in the
figures show S.D. Statistical analysis was by Student’s ¢ test, and
p values of <0.05 were considered significant. For clonogenic
survival assays, cells were seeded in 6-well plates and treated
with 4NQO or aphidicolin for 24 h or with MMC for 1 h. After
6 days, the cells were fixed with methanol and stained with
crystal violet overnight. The plates were then washed, dried,
and scanned.

ConSurf Evolutionary Conservation and Surface Electrostatic
Potential Analyses—Amino acid sequences of PCNA, RAD9A,
HUSI1, and RADI1 from 44 organisms that represent a broad
range of taxa were curated from the UniProtKB database (Table
2). Multiple sequence alignments were created with ClustalX
version 2.1 (22) and uploaded to the ConSurf server (23) for
calculation of evolutionary conservation scores (Bayesian
method) with reference to the human counterparts of each pro-
tein. The scores were projected on available protein structures

SASBMB

VOLUME 290-NUMBER 24+JUNE 12, 2015



of PCNA (Protein Data Bank code 1VYM) and RAD9A-HUS1-
RAD1 (Protein Data Bank code 3GGR) to identify functional
surface residues. All images were created using PyMOL. The
surface electrostatic potential of HUS1 was calculated and dis-
played using the Adaptive Poisson-Boltzmann Solver plugin in
PyMOL. In the calculations, dielectric constants of 1.0 and sol-
vent ionic strength equivalent to 75 mm KCI were used. Side
chains of lysine and arginine residues were assigned a net pos-
itive charge, aspartate and glutamate were assigned a negative
charge, and other residues were neutral. Positive and negative
color contours were set at =10k7/e.

Immunoprecipitation and Immunoblotting—For analysis of
9-1-1 subunit interactions, HEK293T cells transiently trans-
fected with pCMV-mHus1, pCMV-hRad9a-Myc, and pCMV-
hRadl-HA constructs were irradiated with 100 J/m? UV, and
2 h later, cell lysates for co-IP were prepared. Lysates were incu-
bated with anti-MYC (Santa Cruz Biotechnology, Inc.) or
anti-HA (Covance) antibodies, followed by incubation with
protein A/G resin (Thermo Scientific). For analysis of HUS1-
MYH interactions, HEK293T transiently transfected with
pCMV-mHus1-3XFLAG or pPCMV-R4D,1152Y-3XFLAG con-
structs were treated with 1 mm H,O,, and 3 h later, cell lysates
for co-IP were prepared. Lysates were incubated with anti-
FLAG resin (Sigma). Immunoprecipitates or total cell lysates
(input) were resolved by SDS-PAGE. Standard immunoblotting
procedures were performed using antibodies specific for HUS1
(8), RADYA (8), MYC (Santa Cruz Biotechnology), HA (Cova-
nce), FLAG (Sigma), pCHK1 Ser-345 (Cell Signaling), histone 3
(Abcam), GAPDH (Advanced ImmunoChemical), MYH (24),
TOPBP1 (25), or B-actin (Sigma).

Immunofluorescence—Hus1 ' p21~'~ MEFs stably ex-
pressing WT or mutant mHUS1-3XFLAG proteins were
grown on gelatinized coverslips overnight and treated with
MMC for 23 h. Cells were immunostained with mouse a-FLAG
and rabbit a-RAD9A primary antibodies and Alexa Fluor 488
goat a-mouse and Alexa Fluor 555 goat a-rabbit secondary
antibodies (Life Technologies, Inc.) for IF detection according
to the antibody manufacturer’s protocol. Overlapping FLAG
and RADIA foci in 50 randomly picked cells from each sample
were quantified and analyzed by one-way analysis of variance. p
values of <0.05 were considered significant.

Chromatin Fractionation—Husl '~ p21 '~ MEFs stably
expressing WT or mutant mHUS1-3XFLAG proteins were
irradiated with 100 J/m? UVC and fractionated 2 h post-treat-
ment using a previously described extraction protocol (26) with
modifications. Cells were swollen in hypotonic buffer (10 mm
HEPES, pH 7.9, 1.5 mm MgCl,, 75 mm KCI, 0.2 mm PMSF, and
0.5MDTT) for 6 min in 37 °C and lysed with a Dounce homog-
enizer. After centrifugation at 14,000 rpm for 15 min, the super-
natant was separated for cytoplasmic extract preparation. The
nuclei pellet was resuspended in equal volumes of low salt and
high salt buffers (20 mm HEPES, pH 7.9, 25% glycerol, 1.5 mm
MgCl,, 0.2 or 1.2 m KCl, 0.2 mm EDTA, 0.2 mm PMSF, and 0.5
M DTT) in sequential order to extract the soluble nuclear frac-
tion. After centrifugation at 14,000 rpm for 30 min, the super-
natant was separated for nuclear extract preparation. The pellet
was resuspended in radioimmune precipitation assay buffer (50
mM Tris, pH 8.0, 150 mm NaCl, 5 mm EDTA, 50 mm NaF, 0.5%
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deoxycholate, 1% Nonidet P-40, and 0.1% SDS) supplemented
with aprotinin, leupeptin, sodium orthovanadate, and phenyl-
methylsulfonyl fluoride (PMSF), sonicated at 24 —30 watts for 1
min (Misonix Sonicator 3000), and centrifuged to produce the
chromatin fraction in the supernatant. The cytoplasmic and
nuclear fractions were dialyzed in dialysis buffer (20 mwm
HEPES, pH 7.9, 20% glycerol, 100 mm KCl, 0.2 mm EDTA, 0.2
mMm PMSEF, and 0.5 M DTT) overnight before use. 20 ug of each
fraction was used for immunoblotting.

Results

A Systematic Structure/Function Analysis of HUSI—We
used published crystal structure analyses of human 9-1-1 (11—
13), computational modeling of 9-1-1 subunit and DNA inter-
actions (27, 28), and evolutionary conservation analysis to pre-
dict functionally important mHUS1 residues. Initially we
screened mHUS1 mutants with targeted mutations in seven
specific regions (Table 3) for the ability to complement the
genotoxin sensitivity of Husl~'~“p21~'~ MEFs, which are
hypersensitive to DNA damage (6). As detailed below, three
HUS1 regions (the HUS1/RAD9A interface, the positively
charged inner surface of HUS1, and two hydrophobic pockets
on the HUSI outer surface) emerged as having the greatest
functional significance in complemented cells challenged with
4NQO, a UV mimetic, or aphidicolin, a replication stress-in-
ducing DNA polymerase inhibitor.

HUS1-RADYA Interaction Is Critical for 9-1-1 Clamp Forma-
tion and Function—Stable intersubunit interactions are
required to allow 9-1-1 clamp formation and maintain clamp
integrity during the loading process (11-13). We tested the
impact of disrupting intersubunit interactions by targeting
mHUS1 Arg-128 (Arg-127 in hHUSI) located at the HUS1-
RADOYA interface (Fig. 14), because its polar interactions were
predicted to contribute substantially to the interaction between
these subunits (28). Indeed, mutation of the orthologous resi-
due in Schizosaccharomyces pombe husl (Asn-121) impairs
association with spRAD9A (29). Hence, we mutated Arg-128 to
Glu (R128E) to reverse the charge of the residue and analyzed
9-1-1 clamp formation and cell survival after genotoxin treat-
ment. After confirming the stability of R128E mutant protein
(Fig. 1B), we subjected R128E-expressing HusI-null MEFs to
short term viability and clonogenic survival assays (Fig. 1, C and
D). Inboth assays, mHUS1 R128E failed to rescue the genotoxin
hypersensitivity of HusI-null MEFs. Next, co-IP assays were
performed to test interactions between mHUS1 R128E and
RADOYA (Fig. 1E). Whereas wild-type (WT) mHUS1 co-immu-
noprecipitated with hRAD9A-MYC, mHUS1 R128E did not.
Interestingly, in R128E-expressing cells, hRAD1-HA also was
not detected in the MYC immunoprecipitate, and neither
mHUS1 R128E nor hRAD9A-MYC was detected in the recip-
rocal HA immunoprecipitate (Fig. 1E). These results indicate
that reversing the charge of a single residue at the HUS1-
RADOYA interface fully disrupted the stability and function of
the entire trimeric 9-1-1 complex.

Multiple Positively Charged Residues on the HUSI Inner Sur-
face Facilitate HUS1-DNA Interactions in a Synergistic
Manner—Like PCNA, 9-1-1 is thought to interact with the
DNA phosphate backbone, affording proper loading and scaf-
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TABLE 3

Summary of clonogenic survival and short term viability assay results for all MHUS1 mutants analyzed

Clonogenic survival® Short term viability”
Mutations Expression 4NQO Aphidicolin 4NQO Aphidicolin
RADOY-interacting residue
R128E Yes Null Null Null Null
Inner ring hydrophobic cleft
V19A,M22A,123A Partial WwWT WwWT WwWT WwWT
V247A,V271A,L273A Partial WT WwWT wWT wWT
V19A,M22A,123A,V247A,V271A,L273A Partial WwWT Partial Partial Null
R18A Yes NT® NT WT WT
R18Q Yes NT NT wWT wWT
R18Q,M22T Yes NT NT wWT WT
Inner ring positively charged residues
K93A NT WT WT WT wWT
K25A NT wWT WwWT wWT wWT
K25A,K93A Yes WT WwWT WT WT
K25A,K236A,K237A (3A) Yes Partial Partial Partial WwWT
K173A,R175A,K236A,K237A (4A-1) Yes wT Partial Partial Partial
K25A,K93A,K236A,K237A (4A-2) Yes Null Null Null Null
K25A,K93A,K173A,R175A,K236A,K237A (6A) Yes Null Null Null Null
R90A,K93A (C1) Yes WT WwWT wWT Partial
R18A,K25A,K28A (C2) NT WT WwWT wWT WT
K236A,K237A (C3) NT WT WT WT+ WT
K165A,K168A,K173A,R175A (C4) Yes WT Partial wWT Partial
R18A,K93A,K165A (C5) Yes WwWT Partial Partial WwWT
K173A,R175A NT WT WT WT+ WT
K165A,K168A NT WT WwWT NT NT
K25A,K28A,K165A Not stable NT NT NT NT
Outer ring hydrophobic pocket
P150A,1152A,P153A,C155A Partial wWT WwWT Partial Partial
V257A,T261A,F276A,P278A Yes WT wWT wWT wWT
P150A,1152A,P153A,C155A,V257A,T261A,F276A,P278 A Partial WT Partial NT NT
P150A,V257A,T261A,F276A,P278A Partial wWT Partial WwWT Partial
P150A,1152A,P153A,C155A,F276A,P278A Not stable Partial Partial Partial Partial
S53R Yes NT NT WT WT
1152R Partial NT NT Partial Partial
1152Y Yes Partial WwWT Partial Partial
1152F Yes NT NT WT WT
Outer ring novel pocket
F3A,G71W,179A,L105A Not stable Null Null NT NT
F3A,G71W NT WT WwWT NT NT
F3A,I79A NT WT wWT NT NT
F3A,L105A NT WT WT NT NT
F3A,179A,L105A Not stable wWT Null NT NT
F3R Not stable Partial Partial Partial WT
F3R,R4A NT Partial Partial Partial WwWT
K104A,L105A,T106A NT wWT wWT wWT Partial
K104A,L105A,T106A,V138A,L139D Not stable Null Null Null Null
L105R Not stable NT NT NT NT
L139R Not stable NT NT NT NT
R4D Yes Partial WwWT Partial Partial
R4D,1152Y Yes Partial WwWT Partial Partial
Outer ring positively charged residues
K2A,R4A,K6A NT WT wWT NT NT
R99A,K102A,K104A NT wWT WwWT NT NT
K108A,H109A NT WT WT NT NT
K137A,R141A,R142A,K145A NT wWT wWT NT NT
BII4-6 loop
A215-227 Not stable Null Null NT NT
A215-227:hHusl loop NT WT WT NT NT
A215-227:PCNA loop NT wWT wWT NT NT

“ Survival outcomes were categorized as follows: WT+ (better than WT mHUS1-complemented cells), WT (similar to WT mHUS1-complemented cells), Partial (worse than
WT mHUSI complemented cells but better than HusI-null cells), and Null (similar to HusI null cells).

5 NT, not tested.

folding activity on chromatin (30). The inner HUSI surface
consists of four parallel a-helices containing 11 positively
charged residues (Fig. 24). In order to determine the impor-
tance of mHUS1-DNA contacts, alanine mutants of several of
these residues (Lys-25, Lys-93, Lys-173, Arg-175, Lys-236, and
Lys-237) were generated and functionally tested. These muta-
tions did not disrupt mHUS1 protein stability (Fig. 2B), but all
caused loss of function as evidenced by partial (mutants 3A and
4A-1) or complete (4A-2 and 6A) genotoxin hypersensitivity
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phenotypes (Fig. 2, C and D). These defects were not due to
disruption of 9-1-1 clamp formation, because both mHUS1
4A-2 and 6A co-immunoprecipitated with hRAD9A-MYC and
hRADI1-HA to the same extent as WT mHUSI (Fig. 2E). Nota-
bly, the hHUSI residues equivalent to those mutated in 4A-2
and 6A were computationally predicted to directly contact
DNA (27). We generated additional mutants in different align-
ments (Fig. 34 and Table 3) to investigate the possible involve-
ment of alternative DNA contacts. However, these mutants
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FIGURE 1. mHUS1 residue Arg-128 is crucial for 9-1-1 clamp formation. A, Arg-128 (arrow) is located at the HUS1-RAD9A interface (Protein Data
Bank code 3GGR). B, immunoblotting using antibodies specific for HUS1 or B-actin was performed to compare the stability of WT and R128E mHUS1
proteins in HEK293T cells. Cand D, short term viability and clonogenic survival were measured for Hus 7-null MEFs stably expressing mHUS1 R128E after
4NQO or aphidicolin treatments. MEFs expressing GFP or WT mHUS1 served as negative and positive controls, respectively. Each experiment in C was

repeated five times with two independently generated cell lines. E, interaction of mHUS1 R128E with hRAD9 and hRAD1 was assessed by co-IP. Error bars,
S.D.

were not associated with pronounced hypersensitivity pheno-
types (Fig. 3B). Taken together, these results indicate that 6
specific positively charged HUSI1 residues synergistically facil-
itate HUS1-DNA contacts and are necessary for cell survival
following DNA damage.

HUSI Has Two Functional Hydrophobic Pockets That Are
Important for Genome Maintenance—Like PCNA, the 9-1-1
clamp stimulates the activity of many DNA repair factors via direct
physical interactions. To identify HUSI functional domains that
might bind effectors, we conducted an evolutionary conservation
analysis with the assumption that functional residues would be
evolutionarily conserved. As a proof of principle, we first per-
formed this analysis on PCNA (Fig. 44). Two clusters of conserved
residues were apparent on the PCNA outer ring surface, one for
the well characterized primary PCNA-interacting protein (PIP)
box binding pocket and the other for a secondary domain that also

SASBMB
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associates with sequences C-terminal to the PIP box motif in some
PCNA effectors (31, 32).

The same analysis was then applied to RAD9A, HUS1, and
RADI (Fig. 4A). Structural studies had previously identified
PCNA-like hydrophobic pockets in RAD9A and HUS1 (12).
However, the distribution of conserved residues for each
subunit varied from PCNA and from each other. RAD9A
showed conservation of the primary PCNA-like hydropho-
bic pocket, but HUS1 and RAD1 did not. However, when
analyzing only mammalian sequences, conservation of
HUS1 and RAD1 residues at the equivalent position for the
primary PCNA-like hydrophobic pocket became evident
(data not shown). We also identified a cluster of conserved
HUSI residues in the topologically equivalent region of the
PCNA secondary binding site. This pocket is formed by 3
hydrophobic HUS1 residues (Phe-3, Ile-79, and Leu-105)
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along with Arg-4 at the pocket base, creating a strong posi-
tive electrostatic potential surrounded by a neutral field (Fig.
4, Band C).

To assess the functional significance of the HUS1 outer sur-
face domains, we first targeted hydrophobic residues that form
the PCNA-like primary and secondary pockets, but various ala-
nine mutants either disrupted HUS1 protein stability or did not
cause loss of function in survival assays (Table 3). We then
generated mutations predicted to physically or electrostatically
block the pockets (Fig. 5A4). For the primary pocket, we changed
Ile-152 (Val-151 in hRHUS1) to Tyr (I1152Y) to block the pocket
with a bulky side chain. For the secondary pocket, Arg-4 was
mutated to D (R4D) to reverse the charge at the base. We also
generated the double pocket mutant (R4D,I152Y) to test
whether the pockets functioned independently or in conjunc-
tion with each other. Although all three mutants were stably
expressed and competent for clamp formation (Fig. 5, Band E),
Hus1-deficient cells expressing the double pocket mutant were
no more sensitive to 4NQO or aphidicolin than those express-
ing either single pocket mutant (Fig. 5, C and D). Interestingly,
when challenged with MMC, cells expressing the double pocket
mutant showed a synergistic increase in hypersensitivity as
compared with the single mutants. These results suggest that
the two HUS1 outer surface pockets have separable roles in
response to certain forms of DNA damage, such as DNA cross-
links, but act in conjunction for other DNA lesions, such as
those induced by 4NQO or aphidicolin.

DNA Damage-induced HUSI Chromatin Localization Is Dis-
rupted in Clamp-destabilizing and DNA Interaction Mutants
but Occurs Normally in Pocket Mutants—In order to determine
how the different classes of HUS1 mutations affected the ability
of HUSI to localize on chromatin after DNA damage, we per-

SASBMB

JUNE 12,2015+VOLUME 290-NUMBER 24

formed IF assays in Husl-null MEFs complemented with
3XFLAG-tagged mHUS1 mutants, including R128E (RAD9A
interface), 4A-2 or 6A (DNA binding), or I152Y or R4D (outer
surface pockets) (Fig. 6A). We quantified RAD9A and FLAG IF
co-staining in cells treated with MMC (Fig. 6C). MMC-induced
RADOIA foci were absent in Hus1-null MEFs but were present
after restoration of mHUSI expression. Whereas RAD9A and
FLAG foci colocalized in MEFs expressing WT mHUS1-
3XFLAG, probably representing 9-1-1 accumulation on dam-
aged DNA, the clamp-destabilizing HUS1 mutant R128E-
3XFLAG failed to form FLAG or RAD9A foci. Similar results
were observed for 4A2—-3XFLAG and 6A-3XFLAG DNA inter-
action mutants. By comparison, inner ring mutants with less
severe genotoxin sensitivity phenotypes showed an intermedi-
ate average number of MMC-induced foci formation (Fig. 6, B
and D), suggesting that 9-1-1 loading requires clamp-DNA
interactions, as is the case for PCNA (30). By contrast, mHUS1
pocket mutants 1152Y-3XFLAG, R4D-3XFLAG, and R4D,
1152Y-3XFLAG retained the ability to form MMC-induced foci
and colocalize with RAD9A to the same extentas WT mHUS1-
3XFLAG (Fig. 6, A and C).

To verify the IF results, we performed immunoblotting of
fractionated cells after UV irradiation (Fig. 6E). WT mHUSI1-
3XFLAG was detected in the nuclear and chromatin com-
partments after UV damage. Consistent with the IF results,
this response was ablated in MEFs expressing R128E-, 4A2-,
or 6A-3XFLAG but not in MEFs expressing the pocket
mutants. Thus, genotoxin-induced 9-1-1 clamp accumula-
tion on damaged DNA requires proper 9-1-1 clamp forma-
tion and DNA interactions but not HUS1 pocket-mediated
functions.
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FIGURE 4. The identification of a novel conserved hydrophobic pocket on the outer surface of HUS1. A and B, the evolutionary conservation values of each
amino acid position in the protein structures of PCNA, RAD9A, HUS1, and RAD1 were calculated using the Consurf bioinformatics server (see “Experimental
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pocket. The charge is contributed by an arginine at position 4.

HUS]1 Pocket Mutants Are Competent for Checkpoint Signal-
ing but Defective for Effector Interactions—To determine
whether the various mHUSI mutants affected ATR activation
and checkpoint signaling, we assessed UV-induced CHK1
phosphorylation (pCHK1) (Fig. 7A). As reported previously
(20), Hus1-null MEFs were impaired for CHK1 phosphoryla-
tion upon UV treatment. This defect was rectified by comple-
mentation with WT mHUS1. However, in cells complemented
with the mHUS1 R128E, 4A-2, or 6A mutants, the pCHK1
response was abrogated to the same extent as with complete
mHusl deficiency. These data indicate that unstable subunit-
subunit and mHUS1-DNA interactions significantly impair
ATR activation, consistent with the observations that these
mutant proteins failed to properly localize to DNA damage
sites. By contrast, cells expressing mHUS1 pocket mutants
1152Y, R4D, or R4D,I152Y retained normal levels of UV-in-
duced CHKI1 phosphorylation (Fig. 7A), as might be expected
because interactions between 9-1-1 and the ATR activator
TOPBP1 occur through RAD9A (17). This result suggests that
the genotoxin sensitivity phenotype shown by cells expressing
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the pocket mutants might be due to disruption of checkpoint
signaling-independent HUS1 functions.

The 9-1-1 clamp is known to interact with several DNA
repair proteins, including many from the base excision repair
pathway (18, 19). Among the well-established 9-1-1 binding
partners is the DNA glycosylase MutY homolog (MYH) (33,
34). In order to determine whether HUS1 outer surface pockets
were important for protein-protein interactions, R4D,[1152Y-
3XFLAG protein was expressed and immunoprecipitated for
the detection of association with endogenous MYH (Fig. 7B).
Whereas wild-type HUS1-3XFLAG effectively pulled down
MYH, less MYH was detected in the R4D,1152Y-3XFLAG
immunoprecipitation. Notably, TOPBP1 co-immunopre-
cipitated with the HUS1 outer surface mutant to a similar
extent as with wild-type HUS1, consistent with our observa-
tion that this mutant was capable of promoting UV-induced
CHK1 phosphorylation. Together, these results indicate that
the mHUSI outer surface mutant is defective for the recruit-
ment of DNA repair proteins despite properly localizing to
damaged DNA and supporting ATR checkpoint signaling,
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pocket mutants with hRAD9 and hRAD1 was assessed by co-IP. Error bars, S.D.

highlighting ATR-independent effector functions down-
stream of HUS1 (Fig. 7C).

Discussion

Checkpoint signaling in coordination with appropriate DNA
repair is crucial for a successful DDR in cells experiencing var-
ious genotoxic stresses. Understanding this concerted action is
important for appreciating how normal cells are protected from
the deleterious effects of genomic instability and how malig-
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nant cells manage genomic and cellular integrity in the face of
numerous physiological stresses (35-38). In this study, we
sought to understand the molecular interactions that underlie a
robust DDR involving the 9-1-1 clamp and in doing so defined
both the molecular requirements for stimulation of ATR-in-
duced CHKI1 phosphorylation and CHK1-independent func-

tions for the 9-1-1 complex mediated by outer surface residues
of the HUSI subunit.
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FIGURE 7.9-1-1-dependent checkpoint signaling requires clamp formation and DNA associations but not HUS1 outer surface pocket function, which
is necessary for effector interactions. A, DNA damage-induced CHK1 phosphorylation is hampered in HUS1 clamp formation and DNA interaction mutants
but is intact for HUST outer surface pocket mutants. Lysates from cells treated with 0 or 100 J/m? UV were immunoblotted using antibodies specific for
phospho-CHK1 or B-actin. B, HUS1 pocket mutant R4D,1152Y is impaired for interaction with base excision repair protein MYH. Lysates prepared from HEK293T
cells overexpressing 3XFLAG-tagged WT or R4D,1152Y mHUS1 proteins were immunoprecipitated with antibody specific for FLAG and immunoblotted using
antibodies specific for MYH and TOPBP1. C, model for HUS1-mediated function in DNA damage response. WT HUS1 forms 9-1-1 clamps, localizes to DNA
damagessites, and mediates ATR checkpoint signaling and DNA repair functions. When the RAD9A-interacting residue is dysfunctional, HUS1 cannot form 9-1-1
clamp, causing loss of all downstream functions. HUS1 mutants defective for DNA interactions are still able to form 9-1-1 clamps but cannot localize to DNA
damage sites, similarly causing loss of all downstream functions. Only HUS1 pocket mutants are able to form 9-1-1 clamps, localize to DNA lesions, and activate
ATR for checkpoint signaling. However, checkpoint-independent functions of HUS1 are perturbed in the pocket mutants, probably causing increased geno-
toxin hypersensitivity due to impaired DNA repair.

Maintaining sufficient intersubunit contacts is the most cru-
cial initial step for 9-1-1 clamp formation, failure of which will
abrogate all downstream clamp functions. Remarkably, revers-
ing the polarity of a single residue (Arg-128 of mHUSI) at the
RAD9A/HUSI interface fully disrupted 9-1-1 clamp integrity
and function, although there are at least 8 other HUS1 residues
predicted to contribute to RAD9A-HUSI interactions (28).
Interestingly, the RAD9A/HUSI interface mutation also dis-
rupted HUS1-RAD1 and RAD1-RAD9A associations. One pos-
sible explanation is that active repulsion of HUS1-RADO9A indi-
rectly weakens HUS1-RAD1 and RAD9A-RAD]1 interactions.
Alternatively, the findings may suggest that clamp assembly

occurs in an ordered, stepwise process, as reported for the het-
erotrimeric PCNA of Sulfoflobus solfataricus (SsoPCNA) (39),
or that all three 9-1-1 interfaces function cooperatively during
trimerization.

The inner surface of PCNA consists of four parallel a-helices
that contain positively charged residues, some of which contact
the negatively charged DNA sugar-phosphate backbone and
are necessary for efficient clamp loading and mobility on DNA
(40). Similarly, the HUS1 inner surface also is composed of four
parallel a-helices containing numerous positively charged res-
idues, and here we report that HUS1 function requires a specific
set of synergistically important residues that are aligned in a

FIGURE 6. DNA damage-induced HUS1 localization is defective in HUS1 clamp-forming and DNA-interacting mutants but notin HUS1 pocket mutants.
A and B, MMC-treated HusT-null MEFs stably expressing the indicated constructs were stained with DAPI (blue) and a-FLAG (green) and a-RAD9A (red)
antibodies. Scale bar, 10 um. C and D, quantifications of colocalized FLAG and RAD9A foci are presented in quartile box and dot plots. NS, not significant. D,
immunoblotting using antibodies specific for FLAG or B-actin was performed to compare the stability of 3XFLAG-tagged WT and mutant mHUS1 proteins (C1,
C4, and C5) in HEK293T cells. E, cells were UV-treated; fractionated into cytoplasmic (cyt), nuclear (nuc), and chromatin (chr) fractions; and immunoblotted.
GAPDH and histone 3 served as fractionation controls. Arrows, HUS1 band; asterisks, nonspecific band.
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transhelical manner analogous to those of PCNA. Notably, our
findings are consistent with predicted HUS1-DNA contacts
from computational modeling (27). It is remarkable that loss of
DNA contacts for the HUS1 subunit alone leads to severe
checkpoint signaling defects and hypersensitivity to genotox-
ins, because modeling of 9-1-1 on DNA indicates that the three
subunits contribute almost equally for DNA backbone associa-
tions (27), although it remains possible that certain DNA struc-
tures might lead to other 9-1-1 conformations on DNA. The
HUSI1 inner surface mutants stably associate with the other
9-1-1 subunits but do not show substantial DNA damage-in-
duced accumulation on chromatin, suggesting that interactions
between 9-1-1 and DNA are necessary for stable loading of the
clamp.

Much knowledge about PCNA function was gained by struc-
ture/function studies that identified a PCNA hydrophobic
pocket as the docking site for most PIP box motif-carrying pro-
teins (41). Based on the structural similarity between the 9-1-1
complex and PCNA, we hypothesized that the outer surface of
HUS1 would mediate physical interactions with downstream
effectors. Our evolutionary conservation analysis revealed that
among all 9-1-1 subunits, RAD9A showed the greatest conser-
vation of the hydrophobic pocket that is analogous to the site
where PCNA interacts with PCNA-interacting protein box
motifs, consistent with the idea that RAD9A is the subunit most
closely related to PCNA (12). The same region was conserved
among mammalian HUSI proteins but not in a broader repre-
sentation of species. This suggests that whereas the RAD9A
pocket is evolutionarily conserved, HUS1 and RAD1 have
undergone greater divergence, potentially reflecting specializa-
tion of clamp subunits. Consurf analysis of HUS1 additionally
revealed a second hydrophobic pocket on the outer surface that
showed substantial evolutionary conservation. Disruption of
these two HUSI outer surface pockets caused partial loss of
function without disturbing clamp formation or its recruitment
to chromatin following DNA damage. That cells expressing
these pocket mutants were not as hypersensitive to genotoxic
stress as cells that completely lack HUS1 probably relates to the
fact that they remain functional for genotoxin-induced CHK1
activation, as would be expected because interactions between
9-1-1 and the ATR activator TOPBP1 occur through the C-ter-
minal tail of RAD9A (17). It also remains possible that RAD9A
and RADI1 provide some level of redundancy when HUSI is
dysfunctional, because in some cases, RAD9A, HUSI1, and
RADI can all interact with the same repair protein, albeit with
different binding affinities (42—47). We favor the possibility
that each 9-1-1 subunit binds at least some unique downstream
effectors, with the idea that each subunit is specialized to some
extent to mediate specific functions. Indeed, the subunits of the
archaeal heterotrimeric PCNA each interact with distinct bind-
ing partners, a characteristic that provides a means to diversify
and coordinate clamp functions (48).

PCNA-effector interactions invariably involve PIP box
sequences, but there is mixed evidence regarding a role for PIP
box motifs in 9-1-1-effector interactions (3), and the role of the
secondary HUS1 pocket is unknown. It may stabilize interac-
tions with PIP box-containing effectors that bind the primary
pocket, resembling PCNA interactions with FEN1 and p21 (31,
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32). Combining the outer surface mutations (R4D,I152Y) did
not further increase hypersensitivity to 4NQO or aphidicolin
beyond that for either single mutant (Table 3), suggesting a
related function for the two pockets. However, cells expressing
the double mutant R4D,1152Y showed increased sensitivity to
MMC, consistent with our previous findings.3 Here we further
show that the double mutant R4D,1152Y confers greater MMC
hypersensitivity than either of the corresponding single
mutants, implying that at certain DNA lesions, the two HUS1
pockets can have separate roles that cooperatively improve cell
survival. In such circumstances, the secondary HUS1 pocket
might interact with distinct effectors independently of the pri-
mary pocket, through a different motif, like the recently
reported Mec3-Mcm10 interaction, which involves both a PIP
box and other sequences in MCM10 (49). With its close prox-
imity to the RAD9A primary PCNA-like pocket, the secondary
HUSI1 pocket also may be involved in RAD9A-HUSI intersub-
unit-effector binding, as has been reported for the interaction
between the equivalent budding yeast proteins (DDC1-MEC3)
and their partner RED1 (50). Bacterial B-clamp and SsoPCNA
similarly display intersubunit interactions with TLS polymer-
ases (51, 52).

An open question has been to what extent the requirement
for the 9-1-1 complex in genome maintenance reflects its role
in TOPBP1-induced ATR activation versus direct functions for
9-1-1 subunits in other processes. By mutating the HUS1 outer
surface pockets, we have successfully separated these 9-1-1
functions and demonstrate that HUS1 has roles apart from
checkpoint signaling that also are crucial for cell survival fol-
lowing DNA damage. Continued analysis of this collection of
HUS1 mutants, especially further dissection of the genotoxin-
specific functions of both HUS1 outer surface pockets, as well
as the outer surface domains of RAD9A and RADI, holds
promise for shedding light on 9-1-1 functions in genome main-
tenance and highlighting potential targets that can be exploited
clinically for anti-cancer therapies.
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