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DNA damage response Ser/Thr kinases, including ataxia tel-
angiectasia-mutated (ATM) and Rad3-related (ATR), control
cell cycle progression, DNA repair, and apoptosis. ATR is acti-
vated by ETAAL1 activator of ATR kinase (ETAA1) or DNA
topoisomerase II binding protein 1 (TOPBP1). Both ETAA1
and TOPBP1 contain experimentally defined ATR activation
domains (AADs) that are mostly unstructured and have minimal
sequence similarity. A tryptophan residue in both AADs is
required for ATR activation, but the other features of these
domains and the mechanism by which they activate ATR are
unknown. In this study, using bioinformatic analyses, kinase
assays, co-immunoprecipitation, and immunofluorescence
measures of signaling, we more specifically defined the TOPBP1
and ETAA1 AADs and identified additional features of the
AADs needed for ATR activation. We found that both ETAA1
and TOPBP1 contain a predicted coiled-coil motif that is
required for ATR activation iz vitro and in cells. Mutation of the
predicted coiled coils does not alter AAD oligomerization but
does impair binding of the AADs to ATR. These results suggest
that TOPBP1 and ETAA1 activate ATR using similar motifs and
mechanisms.

Cells are constantly exposed to exogenous and endogenous
sources of DNA damage that cause thousands of DNA lesions
in each cell every day (1). These lesions can interfere with pro-
cesses such as DNA replication and transcription and must be
accurately repaired to preserve genome stability (2). The recog-
nition and repair of DNA lesions is coordinated by a series of
signaling pathways collectively known as the DNA damage
response (DDR).? The DDR also regulates cell cycle progres-
sion, cellular senescence, and apoptosis (1). The PI3K-related
protein kinases ataxia telangiectasia-mutated (ATM), ATM
and Rad3-related (ATR), and DNA-PK activate the DDR (1, 3).
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ATM and DNA-PK signaling is initiated primarily in response
to DNA double-strand breaks, whereas ATR is activated at
lesions containing replication protein A (RPA)- coated ssDNA
(3,4).

ATR is recruited to sites of RPA-coated ssDNA through its
obligate binding partner ATRIP, which directly binds RPA (5,
6). However, recruitment to RPA-coated ssDNA alone is not
sufficient to trigger ATR activation. Several other proteins,
including at least one ATR-activating protein, must also be
recruited to trigger maximal ATR signaling. One ATR-activat-
ing protein is TOPBP1 (7). TOPBP1 is recruited to DNA lesions
that possess a ssDNA—dsDNA 5’ junction through its interac-
tion with the MRE11-RAD50-NBS1 complex and the phos-
phorylated C-terminal tail of RAD9, a component of the
RAD9-RAD1-HUS1 (9-1-1) checkpoint clamp (8 —10). TOPBP1
also interacts with RAD9 —-RAD1-HUS1—interacting nuclear
orphan (RHINO) at DNA damage sites (11, 12). All of these
interactions are required for TOPBP1 to fully stimulate ATR
kinase activity, which is specifically mediated by the TOPBP1
ATR activation domain (AAD) (7).

The other known ATR activator is ETAA1L. Unlike TOPBP1,
ETAAL1 is recruited to RPA-coated ssDNA through a direct
interaction with RPA, where it then activates ATR through its
AAD (13-15). ETAAL is especially important for ATR activa-
tion to regulate cell cycle transitions even in the absence of
DNA damage or replication stress (16, 17).

The ATR and ATRIP orthologues in Saccharomyces cerevi-
siae are Mecl and Ddc2, respectively. Like ATR-ATRIP,
Mecl-Ddc2 localizes to DNA lesions containing RPA-coated
ssDNA via a direct interaction between RPA and Ddc2 (18).
Mecl kinase activity can then be stimulated by Dpbll
(TOPBP1 ortholog), Ddcl (human RAD9 ortholog), or the
multifunctional nuclease/helicase Dna2 (19-22). The bio-
chemical mechanism by which these proteins activate Mecl
appears to be the same. Each Mecl1 activation domain (MAD) is
predicted to be intrinsically disordered and contains two essen-
tial aromatic amino acids that, when mutated, abrogate Mecl
activation both in vitro and in vivo (21-23). Additionally, it has
been proposed that the Mec1 activators bind Mecl via a two-
step binding mechanism whereby the two aromatic residues
bind first, followed by binding of the surrounding residues to
stimulate full kinase activation (24).

In contrast to the Mec1 activators, how TOPBP1 and ETAA1
activate ATR is less well understood. The AAD structures have
not been solved, and the AAD primary sequences contain no
similarities except for a few amino acids that flank a conserved
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Definition of ATR activation domains

tryptophan (13). Mutation of this tryptophan in both TOPBP1
and ETAA1 prevents ATR activation (7, 13-15). However,
whether a second critical aromatic residue or any other motifs
in these domains are required for ATR activation is unknown.
To better determine how ETAA1 and TOPBP1 activate ATR,
we more specifically defined the ETAA1 and TOPBP1 AADs.
We found that each of the AADs contains a predicted coiled-
coil motif that is required for ATR activation in vitro and in
cells. Our data indicate that the predicted coiled coils are
required for ATR activation because these motifs bind the
ATR-ATRIP complex.

Results
Identification of the ETAA1 ATR activation domain

ETAAI is a 926-amino acid protein that contains two RPA
interaction motifs and an AAD (13-15). However, it contains
no other defined domains, and several regions within the pro-
tein are predicted to be unstructured (Fig. 1A4). To better under-
stand how ETAA1 activates ATR, we sought to more specifi-
cally define the AAD. We previously identified the ETAA1
AAD to be residues 75-250, as this fragment stimulates robust
ATR kinase activity in vitro (13). Like the yeast MADs, the
ETAA1 AAD is predicted to be intrinsically disordered without
a clear secondary structure except for a predicted coiled-coil
motif spanning residues 183-215 (p score = 0.01) (Fig. 1, A and
B). To determine whether this predicted coiled coil is impor-
tant for ATR activation, we incubated purified ATR-ATRIP
with recombinant GST-ETAA1 AADs containing or lacking
the predicted coiled coil, an ATR substrate (an MCM2 frag-
ment containing Ser-108 (25)), and [y-**P]ATP and measured
substrate phosphorylation. ETAA1 75-250 and 75-215, which
contain the predicted coiled coil, stimulate ATR kinase activity
whereas ETAA1 75-182, which lacks the predicted coiled coil,
does not (Fig. 1C). ETAA1 75-204 has partial activity, but
removal of six more residues eliminates virtually all activation
(Fig. 1, D and G). We also tested ETAA1 AADs that had amino
acids deleted from the N terminus. Compared with ETAA1
75-215, ETAA1 85-215 activates ATR less efficiently, ETAA1
95-215 activates ATR verylittle, and ETAA1 100-215 does not
activate ATR at all (Fig. 1E). A direct comparison of ETAA1
75-250,75-215, 75-204, and 85-215 revealed that 75-250 and
75-215 activate ATR to a similar extent and more robustly
than 75-204 and 85-215 (Fig. 1, F and G). Therefore, we con-
clude that, in addition to the critical tryptophan (Trp-107),
ETAA1 contains a predicted coiled-coil motif that is
required for stimulation of maximal ATR kinase activity and
that the minimal AAD that retains complete activity con-
tains residues 75-215.

Identification of the TOPBP1 ATR activation domain

TOPBP1 is a multiple BRCT domain- containing protein
with an AAD located between BRCT domains 6 and 7 com-
posed of residues 978 -1192 (7). Like the ETAA1 AAD and
yeast MADs, the TOPBP1 AAD is predicted to be mostly
unstructured (Fig. 24). Because the ETAA1 AAD contains a
predicted coiled coil that is required for ATR activation, we
hypothesized that the TOPBP1 AAD may contain a similar
motif. Indeed, a secondary structure prediction algorithm iden-
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tified a possible coiled coil in the TOPBP1 AAD from residues
1054 —1083 but with a more modest p score of 0.074 (Fig. 2B).
Therefore, we assessed whether this motif was required for
TOPBPI1-dependent ATR activation. GST-TOPBP1 fragments
containing the predicted coiled coil as small as amino acids
1057-1173 stimulate ATR kinase activity (Fig. 2, C and D).
However, TOPBP1 1083-1173, which lacks the predicted
coiled coil, does not activate ATR (Fig. 2D). Thus, like ETAAL,
TOPPBI contains a critical tryptophan (Trp-1145) and a pre-
dicted coiled coil within an otherwise disordered domain that is
required for full stimulation of ATR kinase activity.

Asingle point mutation in the predicted coiled coils disrupts
ATR activation

A sequence alignment of the ETAA1 and TOPBP1 predicted
coiled-coil motifs reveals some sequence similarity (Fig. 3A4).
Both contain a conserved phenylalanine (Phe-198 in ETAA1
and Phe-1071 in TOPBP1), which we hypothesized could be a
second critical aromatic residue in each AAD required for ATR
activation, similar to the requirement in the Mecl activators.
Mutation of ETAA1 Phe-198 to alanine completely abolishes
ATR activation (Fig. 3B). Mutation of TOPBP1 Phe-1071 to
alanine also reduces ATR activation, although not to the extent
observed for ETAA1 (Fig. 3C).

Overexpression of either the TOPBP1 or ETAA1 AAD in
cells results in ATR activation, which can be assessed by mea-
suring histone variant H2AX phosphorylation at Ser-139
(yH2AX) (13, 14, 18). We expressed the full-length AADs,
AADs lacking the predicted coiled coils, or AADs with the phe-
nylalanine mutations in U20S cells and measured yH2AX
induction by immunofluorescence. Expression of ETAA1
75-215 induced a large increase in YH2AX whereas ETAA1
75—-182 and ETAA175-215 F198A expression did not (Fig. 3, D
and E). We also assessed MCM2 Ser-108 phosphorylation as a
second measure of ATR activation and observed that expres-
sion of ETAA1 75-215, but not ETAA1 75-182 or ETAA1
75-215 F198A, causes a modest increase in MCM2 Ser-108
phosphorylation (Fig. 3F).

Next we measured YH2AX induction and MCM?2 Ser-108
phosphorylation in cells expressing our newly defined TOPBP1
AADs. Expression of TOPBP1 1057-1173 causes a large
increase in yH2AX, whereas expression of TOPBP1 1083—
1173, which lacks the predicted coiled coil, results in no
increase in YH2AX (Fig. 3, G and H). Expression of TOPBP1
1057-1173 F1071A causes moderate yH2AX induction (Fig.
3, G and H), consistent with the result of the in vitro kinase
assay, where the F1071A mutation reduces, but does not
abolish, ATR activation by TOPBP1 (Fig. 3C). Expression of
TOPBP1 1057-1173 also causes a modest increase in MCM2
Ser-108 phosphorylation whereas expression of TOPBP1
1083-1173 does not. Expression of TOPBP1 1057-1173
F1071A, as for yH2AX, causes an intermediate level of
MCM2 Ser-108 phosphorylation (Fig. 3I). Taken together,
these results indicate that the ETAA1 and TOPBP1 pre-
dicted coiled coils are required for efficient ATR activation
in cells.
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Figure 1. Identification of the ETAA1 ATR activation domain. A, schematic of ETAA1 with the AAD and RPA interaction motifs indicated. ETAA1 predicted
disorder was calculated using IUPred2A (31). The AAD region is indicated by the red box. B, schematic of the ETAAT AAD, with the critical tryptophan (W) and
predicted coiled coil (CC) indicated. Predicted coiled coil per residue scores were calculated using Paircoil2 (29). C-F, Purified ATR-ATRIP complexes were
incubated with GST or the indicated GST-ETAAT AADs, an ATR substrate, and [y->?P]ATP. Reaction products were separated by SDS-PAGE and detected by
Coomassie staining and immunoblotting. Substrate phosphorylation was detected by autoradiography. MW, molecular weight. G, quantification of three
experiments as shown in F. Statistical significance was calculated using a one-way analysis of variance and Tukey’s multiple comparisons test. Error bars are

mean = S.D.

The coiled-coil point mutations do not alter AAD
oligomerization

Coiled coils often function as oligomerization domains (26).
To determine whether mutation of the predicted coiled coils
altered AAD oligomerization, we compared the elution profiles of
ETAA1 75-215 and ETAA1 75-215 F198A on a size exclusion
column. Both ETAA1 75-215 and ETAA1 75-215 F198A elute at
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aretention volume of 15.2 ml, indicating that the FI98A mutation
does not disrupt function by preventing homo-oligomerization
(Fig.4A). Both the WT and mutant proteins elute at a position that
does not match their predicted molecular mass (~38.6 kDa com-
pared with the predicted 16.3 kDa). However, because the ETAA1
AAD is predicted to be intrinsically disordered (Fig. 1A4), it is
unlikely to be globular, likely explaining this difference.

J. Biol. Chem. (2019) 294(21) 8395-8402 8397
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Figure 2. Identification of the TOPBP1 ATR activation domain. A, schematic of TOPBP1 with the AAD indicated. BRCT domains are shown as dark blue boxes.
TOPBP1 predicted disorder was calculated using IUPred2A (31). The AAD region is indicated by the red box. B, schematic of the TOPBP1 AAD, with the critical
tryptophan (W) and predicted coiled coil (CC) indicated. Predicted coiled coil per residue scores were calculated using Paircoil2 (29). C and D, purified
ATR-ATRIP complexes were incubated with GST or the indicated GST-TOPBP1 AADs, an ATR substrate, and [y->*P]ATP. Reaction products were separated by
SDS-PAGE and detected by Coomassie staining and immunoblotting. Substrate phosphorylation was detected by autoradiography. MW, molecular weight.

We also assessed TOPBP1 AAD oligomerization using gel
filtration chromatography. TOPBP1 1057-1173 elutes at a
retention volume of 16.23 ml, whereas TOPBP1 1057-1173
F1071A elutes at a retention volume of 16.2 ml (Fig. 4B). These
retention volumes correspond to molecular masses of 21.8 kDa
and 22.2 kDa, respectively, compared with the predicted molec-
ular masses of 13.4 kDa and 13.3 kDa. These results indicate
that the F1071A mutation does not alter TOPBP1 AAD oligo-
merization despite impairing ATR activation.

The predicted coiled coils promote the AAD-ATR interaction

Because mutation of the predicted coiled coils had no appar-
ent effect on AAD oligomerization, we next tested how these
mutations affect the AAD—ATR interactions. The F198A
mutation almost completely abolishes the ETAA1 AAD-ATR
interaction, as measured by co-immunoprecipitation (Fig. 5A4).
Similarly, the F1071A mutation diminished the TOPBP1
AAD-ATR interaction (Fig. 5B).

Given that mutation of the predicted coiled coils disrupts the
ETAA1 and TOPBP1 AAD-ATR interactions, we considered
the possibility that the predicted coiled coils might directly con-
tact ATR and/or ATRIP. To test this hypothesis, we purified the
full-length ETAA1 AAD, the ETAA1 predicted coiled coil, and
the ETAA1 predicted coiled coil containing the F198A muta-
tion as recombinant GST fusion proteins, bound the proteins to
GSH beads, and incubated the beads with nuclear extracts
expressing FLAG-ATR and HA-ATRIP. As expected, the full-
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length ETAA1 AAD bound the ATR-ATRIP complex. The
ETAA1 predicted coiled coil also bound a small amount of
ATR-ATRIP, whereas no appreciable binding above back-
ground was observed with the F198A mutant (Fig. 5C). We
performed the same experiment with the TOPBP1 predicted
coiled coil and, similarly, observed that this protein bound a
small amount of ATR-ATRIP. In contrast, the TOPBP1 pre-
dicted coiled coil with the F1071A mutation exhibited no ATR-
ATRIP binding above background (Fig. 5D). Taken together,
these results suggest that the ETAA1 and TOPBP1 predicted
coiled coils are important for ATR activation because these
motifs contribute to the AAD interaction with ATR—ATRIP.

Discussion

Combined with data published previously, our results sug-
gest that the defining features of an ATR activation domain
include the presence of an evolutionary conserved tryptophan
within a region predicted to be mostly disordered and a pre-
dicted coiled-coil motif that mediates binding to ATR—-ATRIP.
Both ATR and ATRIP are thought to contain AAD interaction
surfaces needed for ATR activation (27), perhaps explaining the
requirement of more than one ATR-ATRIP-binding motif in
the AADs. With this more specific definition of an AAD, it may
be possible to combine phenotypic data, secondary structure
predictions, and primary sequence alignments to identify or
evaluate additional AADs.
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Figure 3. Mutation of a conserved phenylalanine disrupts ETAA1-and TOPBP1-dependent ATR activation. A, sequence alignment of ETAA1 and TOPBP1
predicted coiled coil residues flanking ETAA1 Phe-198 and TOPBP1 Phe-1071.Band C, purified ATR-ATRIP complexes were incubated with GST or the indicated
GST-ETAA1 or GST-TOPBP1 AADs, an ATR substrate, and [y->?P]ATP. Reaction products were separated by SDS-PAGE and detected by Coomassie staining.
Substrate phosphorylation was detected by autoradiography. D-/, empty vector or the indicated ETAA1 or TOPBP1 AAD proteins were expressed in U20S cells.
yH2AX (D, E, G, and H) or MCM2 pSer-108 (F and /) was visualized in FLAG-positive nuclei. Scale bars = 10 um. A.U., arbitrary units. yH2AX and MCM2 pSer-108
intensity is normalized to the FLAG expression level. Statistical significance was calculated using a one-way analysis of variance and Tukey’s multiple compar-

isons test. Error bars are mean * S.D.

NBS1 has been proposed previously to be a direct ATR acti-
vator (28). The ATR interaction domain on NBS1 was mapped
to BRCT domain 2, which does not have any similarity to the
ETAA1 or TOPBP1 AAD motifs. The authors concluded that
NBS1 activates ATR differently than TOPBP1. Therefore, we
cannot rule out the possibility that additional ATR activators,
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such as NBS1, may activate ATR using mechanisms other than
through AADs.

Like the MADs, which contain two aromatic residues
required for Mecl activation (21-23), we identified a second
critical aromatic residue, a phenylalanine, in the ETAA1 and
TOPBP1 AADs within the predicted coiled coils. The critical
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aromatic residues in the Mec1 activators are always either tryp-
tophan or tyrosine, and interestingly, although one of the crit-
ical aromatics in Dna2, Trp-128, can be substituted with Tyr,
mutation of this residue to Phe causes a defect in Mec1 activa-
tion (24). The MAD:s also contain no obvious predicted coiled
coils (29). Thus, there may be some differences between the
yeast MAD and vertebrate AAD domains. Atomic-resolution
structural information will be required to fully determine how
the MADs and AADs actually bind to and activate Mecl and
ATR, respectively.
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ATRinhibitors are currently being tested as single agents and
in conjunction with genotoxic chemotherapies to treat various
malignancies (30). Identification of ATR-activating proteins
and the mechanism by which they activate ATR should reveal
more detailed information about how, when, and where ATR is
activated and about downstream activator-specific signaling
cascades. This information, in turn, may be useful in identifying
which patients would most benefit from ATR inhibitor treat-
ment regimens and contribute to improved efficacy of these
drugs.
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Experimental procedures
Cell culture

HEK293T and U20S cells were maintained in DMEM and 7.5%
EBS. Transfections were performed with polyethyleneimine.

Bioinformatic analysis

ETAA1 and TOPBP1 predicted disorder was determined
using [UPred2A (31), and coiled-coil predictions were deter-
mined using Paircoil2 (29). ETAA1 and TOPBP1 predicted
coiled coil sequence alignments were assembled using
ClustalOmega.

Protein purification

GST-tagged AADs were purified from ArcticExpress Esche-
richia coli (Agilent Technologies). Bacteria were resuspended
in NET buffer (25 mm Tris (pH 8), 50 mm NaCl, 0.1 mm EDTA,
5% glycerol, 1 mm DTT, 5 ug/ml aprotinin, and 5 ug/ml leu-
peptin) and sonicated. Triton X-100 was then added to a final
concentration of 1%, and lysates were incubated on ice for 30
min. Following centrifugation, cleared lysates were incubated
with GSH-Sepharose beads (GE Healthcare) for 2.5 h at 4 °C.
Beads were then washed three times with NET buffer and 1%
Triton X-100. Bound proteins were eluted using elution buffer
(75 mm Tris (pH 8), 15 mm GSH, and 5 pg/ml leupeptin). For
AADs used in gel filtration chromatography experiments, GST
was removed by incubating beads with cleavage buffer (50 mm
Tris (pH 7), 150 mMm NaCl, 1 mm EDTA, and 1 mm DTT) con-
taining Prescission Protease (GE Healthcare) overnight at 4 °C.
Purified proteins were dialyzed (20 mm HEPES-KOH (pH 7.5),
50 mm NaCl, and 1 mm DTT) twice, once for 2 h, and then again
overnight.

Kinase assays

FLAG-ATR-HA-ATRIP complexes were purified from
HEK293T cell nuclear extracts using monoclonal anti-HA-
agarose beads (Sigma-Aldrich). Beads were washed three times
with TGN buffer (50 mm Tris (pH 7.5), 150 mm NaCl, 10%
glycerol, 1% Tween 20, 0.5 mm DTT, 1 mm NaF, 1 mm sodium
orthovanadate, 10 mm B-glycerol phosphate, 5 ug/ml apro-
tinin, and 5 pg/ml leupeptin). Beads were then washed once in
TGN buffer containing 500 mM LiCl and twice with 1X kinase
buffer (10 mm HEPES-KOH (pH 7.5), 50 mm NaCl, 10 mm
MgCl,, 10 mm MnCl,, 1 mm DTT, and 50 mMm S-glycerol phos-
phate). Kinase reactions containing ~16 nm ATR-ATRIP, 0.33
uM GST or GST-AAD, 0.95 um substrate (GST-MCM2
79-138), 10 uM ATP, and 27.8 nm [y->*P]ATP were incubated
for 20 min at 30 °C and stopped upon addition of 2X SDS sam-
ple buffer. Reaction products were separated by SDS-PAGE and
detected by Coomassie staining or immunoblotting. Substrate
phosphorylation was detected by autoradiography.

Gel filtration chromatography

Proteins were loaded onto a Superdex™ 200 Increase
10/300 GL column (GE Healthcare) equilibrated previously
with buffer (20 mm HEPES-KOH (pH 7.5), 50 mm NaCl, and 10
mm DTT) and eluted at 0.25 ml min~*. 0.25-ml fractions were
collected, and equal volumes of fractions corresponding to
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peaks were separated by SDS-PAGE and visualized by Coomas-
sie staining.

Co-immunoprecipitation

Equal amounts of HEK293T cell nuclear extracts expressing
GFP-FLAG AADs were incubated with EZview'™ Red Anti-
FLAG M2 affinity gel for 1-2 h at 4 °C. Beads were washed three
times with dialysis buffer (20 mm HEPES-KOH (pH 7.9), 100
mm KCI, 20% glycerol, and 0.5 mm DTT) and once with FLAG
elution buffer (10 mm HEPES-KOH (pH 7.9), 300 mm KCI, 1.5
mm MgCl,, 0.05% NP-40, and 0.5 mm DTT). Bound proteins
were eluted with FLAG elution buffer containing 0.3 pg/ml 3X
FLAG peptide (Sigma-Aldrich), separated by SDS-PAGE, and
detected by immunoblotting.

Binding assays

GST-tagged proteins were purified as described above. After
washes with NET buffer and 1% Triton X-100, GSH beads were
incubated with equal amounts of HEK293T cell nuclear
extracts expressing FLAG-ATR-HA-ATRIP overnight at
4.°C. Beads were washed three times with low-salt buffer (20
mM HEPES-KOH (pH 7.9), 150 mm NaCl, 20% glycerol, 0.05%
Tween20, and 0.5 mM DTT). Bound proteins were eluted, sep-
arated by SDS-PAGE, and detected by Coomassie staining or
immunoblotting.

Immunofluorescence

U20S cells were fixed in 3% paraformaldehyde/2% sucrose in
PBS and blocked with 5% BSA in PBS prior to incubation with
antibodies. Images were obtained using a Nikon microscope,
and FLAG, yH2AX, and MCM2 Ser-108 nuclear intensities
were quantitated using microscope software.
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