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Yeast Mecl, the ortholog of human ATR, is the apical protein
kinase that initiates the cell cycle checkpoint in response to
DNA damage and replication stress. The basal activity of Mecl
kinase is activated by cell cycle phase-specific activators. Three
distinct activators stimulate Mec1 kinase using an intrinsically
disordered domain of the protein. These are the Ddc1 subunit of
the 9-1-1 checkpoint clamp (ortholog of human and Schizosac-
charomyces pombe Rad9), the replication initiator Dpbll
(ortholog of human TopBP1 and S. pombe Cut5), and the mul-
tifunctional nuclease/helicase Dna2. Here, we use small pep-
tides to determine the requirements for Mecl activation. For
Ddc1, we identify two essential aromatic amino acids in a hydro-
phobic environment that when fused together are proficient
activators. Using this increased insight, we have been able to
identify homologous motifs in S. pombe Rad9 that can activate
Mecl. Furthermore, we show that a 9-amino acid Dna2-based
peptide is sufficient for Mecl activation. Studies with mutant
activators suggest that binding of an activator to Mecl is a two-
step process, the first step involving the obligatory binding of
essential aromatic amino acids to Mecl, followed by an
enhancement in binding energy through interactions with
neighboring sequences.

Our genome is constantly under assault from both intrinsic
insults, such as oxidative damage or replication errors, and
extrinsic factors, such as radiation or genotoxic agents. To pre-
serve the integrity of our genetic material, eukaryotic organ-
isms have evolved checkpoint mechanisms that slow down cell
cycle progression to provide sufficient time for DNA repair or
completion of DNA replication (1). In Saccharomyces cerevi-
siae, the DNA checkpoint relies on two major checkpoint
kinases of the phosphatidyl-inositol 3-kinase-related (PIKK)?
kinase family, Tell (human ATM), and Mecl (human ATR).
Tell is primarily activated in response to DNA double-strand
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breaks (2, 3), whereas Mecl is activated in response to Replica-
tion Protein A-coated single-stranded DNA (RPA-ssDNA) (4),
which isa common intermediate in many DNA repair pathways
as well as a signal of replication stress. The division between the
checkpoint roles of Tell and Mecl is not that clear-cut, how-
ever, and partial redundancy exists between these two check-
point kinases (3).

Mecl/ATR forms an obligate heterodimer with the Ddc2
regulatory subunit (human ATRIP) (5, 6) and localizes to sites
of DNA damage through the interaction of Ddc2 with RPA-
coated ssDNA intermediates that occur during DNA repair pro-
cesses (7). However, recruitment of Mec1-Ddc2 to RPA-coated
ssDNA is not sufficient to trigger the checkpoint response, as
this requires a stimulatory signal from an activator protein. The
activator is recruited to the site of DNA damage independently
of Mecl-Ddc2 and upon interaction with the kinase complex
triggers its activation (8, 9). Active Mecl-Ddc2 complex phos-
phorylates numerous downstream substrates, including the
effector kinase Rad53 that propagates the checkpoint signal.

In vertebrate cells, Mec1/ATR is activated by the essential
replication initiation factor TopBP1 (10, 11). Similarly, Dpb11,
the yeast ortholog of TopBP1, activates Mec1 through a mech-
anism that is dependent on two aromatic residues in its struc-
turally disordered C-terminal tail (Fig. 14) (12-14). Dpb11/
TopBP1 is recruited to the site of DNA damage by interaction
with the Ddc1/Rad9 subunit of the 9-1-1 checkpoint clamp that
is loaded at 5’ ssDNA-dsDNA junctions (15-17). However, in
S. cerevisiae, Ddc1 has a dual role in Mec1 activation, as it is also
able to directly activate Mec1 (6, 18). A corresponding activity
has not been demonstrated in Schizosaccharomyces pombe nor
in higher eukaryotes, where Cut5/TopBP1 remains the only
activator of Rad3/ATR identified to date (10, 15). Studies in a
mouse knock-in model with an activation-defective TopBP1
mutant support the conclusion that TopBP1 is the critically
important ATR activator for embryonic development and for
cell proliferation (19).

The lagging strand maturation factor Dna2 constitutes a
third, S-phase specific, activator of Mec1 in S. cerevisiae (20).
Neither its nuclease nor helicase activities are required for its
checkpoint function, which is mediated by its unstructured
N-terminal tail (Fig. 14). In budding yeast, these three activa-
tors show partial redundancy in a manner that is dependent on
cell cycle phase. Specifically, activation through the Ddc1 sub-
unit of the 9-1-1 clamp mediates full Mec1 kinase activation in
the G1 phase, whereas both Dpb11l and Ddcl contribute to
checkpoint activation in G2 (14, 18, 21). In contrast, Dna2,
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Dpb11 and Ddcl all contribute to Mec1 activation in S-phase,
and do so with partial redundancy, and the Mecl-dependent
replication checkpoint response can only be abolished when
the checkpoint functions of all three activators are eliminated
by mutations (20).

Past work from our laboratory has allowed the identification
of some common features of the Mecl activators in S. cerevi-
siae. Mec1 stimulation by each of the three activators is depen-
dent on two aromatic residues, the mutation of which abolishes
Mecl activation both in vitro and in vivo (14, 18, 20). Signifi-
cantly, the aromatic residues in the activators tend to reside in
an unstructured region of the protein, and, while the actual
sequences are not well conserved, the disorder is (Fig. 1A). Fur-
thermore, the spacing between the critical aromatic residues
can also vary substantially. For the three S. cerevisiae activators,
the aromatic residues are separated by as much as 192 amino
acids (aa) in Ddcl, but only by 35 aa and 1 aa in Dpbl1 and
Dna2, respectively. Furthermore, this variability in inter-motif
distance extends to the activators in other eukaryotic organ-
isms (Fig. 1C). Supporting the model that the distance between
the motifs is flexible is the observation that the two activation
motifs of Ddcl can be fused together in a single peptide that
exhibits robust Mec1 stimulatory activity (18).

Currently, it remains unknown which structural and
sequence features define a Mecl activator and, secondly, how
the binding of an activator causes stimulation of Mec1 protein
kinase activity. In this study, we sought to better understand the
common characteristics and requirements of a Mec1 activator.
Through mutation analysis of small peptides that can function
as activators, we identified critical residues within the Ddcl
activation motif necessary for Mecl stimulation. Based on the
insights derived from our Ddcl peptide studies, we designed a
peptide from S. pombe Rad9 sequences, which can activate S.
cerevisiae Mecl, suggesting a conservation of both motifs and
mechanism in both yeasts. We then focused our efforts on the
Dna?2 activator and showed that its Mec1 stimulatory potential
depends solely on a small nine amino acid sequence. We also
showed that binding of an activator to Mecl is a two-step
sequential process, the first step involving the obligatory bind-
ing of the aromatic amino acids to Mecl, followed by an
enhancement in binding energy through interactions with
neighboring sequences.

Experimental Procedures

Bioinformatic Analysis—Using PSI-BLAST, the Ddc1/Rad9
genes were identified in the fungi and metazoa kingdoms. The
sequences were aligned using MSAProb from the MPI toolkit,
reduced to maximal 43 most divergent sequences, and then
re-aligned using MSAProb (22). WEB-logos were then gener-
ated for the consensus motifs (23). The same analysis was car-
ried out for Dpb11/TopBP1. For Dna2, an N-terminal struc-
tural domain containing the activation motif could only be
identified in the ascomycetes phylum of fungi. The other fungal
phyla and metazoans largely lack an unstructured domain.
Therefore, the analysis is solely based on 30 most divergent
ascomycetes species.

Proteins and Peptides—Mecl-Ddc2, Rad53-kd, Rad24-RFC,
RPA, Dpbll, 9-1-1, Ddcl, and Dna2 or Dna2(1-499) were
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expressed and purified as previously described (6, 13, 18, 20,
24). Mutant derivatives of Dna2(1-499) were expressed and
purified similarly. Peptides were synthesized by GenScript
(GenScript USA Inc.) or by the peptide synthesis facility at the
School of Medicine, Washington University in St. Louis. They
were dissolved in sterile water or 25-50% DMSO as 10 mm
stock solutions, neutralized to pH 7.5-38, if necessary, and
stored at —80 °C. Serial dilutions were made in the same sol-
vent. Peptides that required extreme conditions for solubility,
e.g. acid or base, were not used in this study.

Kinase Assays—Standard kinase assays with peptides were
performed in a 10 pl volume of 25 mm Hepes-KOH pH 7.5, 8
mM magnesium acetate, 20 ug/ml BSA, 1 mm DTT, 50 mm
NaCl (final concentration, including contributions made by
protein storage buffers), 100 um ATP, 0.5 uCi [y-**P]ATP with
125 nm Rad53-kd as substrate, and peptides at the indicated
concentrations. Reactions without activator contained water or
up to 2.5% DMSO. Concentrations of DMSO up to 5% did not
affect the kinase assay. Assays were started by addition of 5-10
nM Mec1-Ddc, incubated at 30 °C for 10—15 min and stopped
by addition of 5 ul of 5XSDS-PAGE loading dye. After boiling,
samples were separated on 8% SDS-PAGE gels, dried, and
exposed to phosphor screens (GE Healthcare). For each pep-
tide, a titration was performed, generally up to 50 um peptide,
and in each series of peptides, the efficiency of a given peptide as
an activator was evaluated with respect to the parent peptide,
either Ddcl-1 or Dna2-1. The efficiency of the peptides was
evaluated using standard Michaelis-Menten kinetics: V' =V, +
Vinax X X/(K,,, + X) in which V'is the extent of Rad53-kd phos-
phorylation, V,, is phosphorylation without activator, and x is
the peptide concentration. Examples of these fittings are given
in Figs. 2A and 3A. To evaluate the relative efficiency of the
peptides, the kinetics were fitted with the V__ fixed at the value
obtained with either the Ddc1-1 or Dna2-1 peptide as appro-
priate, and the resulting V, . /K, values, relative to that of
Ddc1-1 or Dna2-1 set to 100%, plotted in Figs. 2C and 3D. The
assays in Fig. 1B also contained 2.5 nM deca-primed single-
stranded SKII plasmid, 150 nm RPA, and 30 nm Rad24-RFC, and
100 mm NaCl

Yeast Strains and Genetic Analysis—The strains used are
PY263 (MATa leu2 trpl ura3-52 his3-A200 dna2A:HIS3
with pRS316-DNA2 (ARSH4 CEN6 URA3 DNA2)); PY270
(MATa canl leu2 trpl ura3-52 his3-A200 dna2A:HIS3
ddclA:KanMx4 tell1 A::NATMx4 with pRS316-DNA2 (ARSH4
CENG6 URA3 DNA2)); PY284 (MATa canl leu2 trpl ura3-52
his3-A200 dna2A:HIS3 ddclA:KanMx4 with pRS316-DNA2
(ARSH4 CEN6 URA3 DNA2)). They were transformed with
plasmid pBL584 (ARSH4 CEN6 TRP1 DNA2) or the dna2-
WY128,130AA or dna2-PP122,132AA mutant plasmids, or
pRS314 empty vector. Transformants were grown on SC-Trp
medium, and 10-fold serial dilutions plated on SC-Trp medium
containing 5-fluoroorotic acid (5-FOA) to allow growth of
strains that had lost the pRS316-DNA2 plasmid. For Western
analysis, the PY270 series cells were synchronized in G1 phase
by treating exponentially growing cells with 5 wg/ml alpha fac-
tor, which was replenished again after 90 min for a total of 180
min. Washed cells were resuspended in medium with Pronase
(0.1 mg/ml) and released into S phase 90 min with or without
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FIGURE 1. Three activators of S. cerevisiae Mec1. A, schematic presentation of the domain structure of Ddc1, Dpb11, and Dna2 of S. cerevisiae. The aromatic
residues required for Mec1 activation are indicated. Structural disorder was calculated using IUPRED (40). Regions with disorder parameter >0.5 are considered
to be intrinsically disordered. B, kinase assay comparing the ability of 20 nm full-length Dpb11, 9-1-1, or Dna2 to activate Mec1. Mec1 stimulation over basal
activity is indicated as fold-activation for either GST-Rad53-kd or Rpal; see “Experimental Procedures” for details. C, WEB logos derived from sequence
comparisons as described in “Experimental Procedures.” The range of distances between conserved motifs in different organisms is shown. Numbering below
motifs is for the S. cerevisiae proteins with the underlined numbers indicating the critical aromatics. D, structure of the Rad9 subunit in human 9-1-1 from (27),
with comparable human and S. cerevisiae residues indicated. The start of the unstructured C-terminal tail is also indicated.

200 mM hydroxyurea. Protein extracts were prepared by tri-
chloroacetic acid precipitation. These extracts were probed
with anti-Rad53 antibodies (SC-6749 from Santa Cruz Biotech-
nology). The blots were quantified using Image] software, and
overlapping peaks were deconvoluted using the IGOR-Pro soft-
ware package. In our analysis, the result obtained with wild-
type yeast and no damage was set to 0% Rad53 phosphorylation.

Results

The S. cerevisiae PIKK kinase Mecl can be stimulated by
three different activators: the Ddc1 subunit of the 9-1-1 (Ddc1-
Rad17-Mec3) checkpoint clamp, the replication initiator pro-
tein Dpb11, and the multifunctional nuclease/helicase Dna2 (6,
12, 13, 20, 25). We analyzed the effects of each of the three
activators on Mecl activity in a defined in vitro kinase assay
with purified recombinant proteins (Fig. 1B). To ensure that all
observed phosphorylation events were Mecl-dependent, a
kinase-dead variant (K227A) of Rad53, the physiological target
of Mecl, was used as phosphorylation substrate. Optimal acti-
vation of Mec1 by Ddc1 requires that the 9-1-1 clamp be loaded
onto DNA by its loader (6). Therefore, the assay mixture for
each activator also contained RPA-coated multiple-primed sin-
gle-stranded DNA (ssDNA) and the Rad24-RFC clamp loader.
All three activators could stimulate Mecl kinase activity to a
similar extent (Fig. 1B). The activators differed only slightly in
promoting the phosphorylation of Rad53-kd versus RPA. Our
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peptide studies below will focus on Ddcl and Dna2. As yet, we
have not been able to generate small Dpb11-derived peptides
that show robust stimulation of Mec1 kinase activity.
Identification of Critical Residues for Mecl Stimulation in the
Activation Motif of Ddcl—Previous studies have identified
Trp-352 and Trp-544 as the two aromatic residues of Ddc1 that
are required for Mecl activation in vivo and in vitro (18). We
carried out a phylogenetic analysis in the fungi and animalia
kingdoms of the two sequence motifs surrounding the critical
Trp-352 and Trp-544 in Ddcl (Fig. 1C). This analysis showed
strong conservation of the first motif in all organisms. This
sequence conservation was not surprising because this motif
resides in a 3-strand-loop-B-strand structure of the conserved
PCNA-like domain of Ddc1/Rad9 (Fig. 1C). However, the most
highly conserved residue in this motif (hF240 = scF353) is bur-
ied inside the structure of hRad9, whereas the more variable
residue (hH239 = scW352) is solvent exposed and therefore
has an opportunity to directly interact with Mecl (26 -28).
High sequence conservation continued 10—15 aa downstream
of Trp-352, but while mutations in that region affected the
structural integrity of Ddcl and the 9-1-1 complex and, there-
fore its checkpoint activity in vivo, those mutations did not
affect the in vitro Mecl activation potential by the isolated sub-
unit, or domains thereof (18). The second motif in Ddc1/Rad9
is conserved in fungi and metazoa, but the distance between the
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FIGURE 2. Activation of Mec1 by Ddc1- and Rad9-derived peptides. A, titration of full-length Ddc1 (at 50 mm NaCl) or the Ddc1-1 peptide (sequence given
in B) at varying NaCl concentrations in the standard Mec1 assay with Rad53-kd as substrate (see “Experimental Procedures”). Data are modeled to standard
Michaelis-Menten kinetics, and the K,,, values are shown. B, activity of wild-type Ddc1-1 peptide and the indicated variants. The Ddc1-1 peptide sequence is
shown, with amino acid positions corresponding to the full-length protein. The two essential tryptophans are in bold. C, various residues or groups of residues
inthe Ddc1-1 peptide were deleted or mutated to alanine, as indicated in the graph, and their ability to stimulate Mec1 was quantified relative to the wild-type
peptide. Peptide concentrations ranged from 5-50 um. Data represent the average of at least three independent experiments for peptides that showed
activity, and of two experiments for peptides that were inactive. Error bars are standard error of the mean. Pro-356 and Pro-359 were simultaneously mutated
to alanines. * indicates that the LMQMQ and RAD deletions were made in a peptide that also had ND346,347 deleted. D, S. pombe Rad9-derived wild-type and
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variant peptides and a human Rad9-derived peptide were tested in the same assay.

two motifs is highly variable, being 66 aa in S. pombe and 192 aa
in S. cerevisiae. The alignment for the second motif is primarily
based on the presence of an aromatic amino acid plus a long
aliphatic amino acid in its —2 position, and confirmation with
regard to the correct alignment has to depend on independent
experimental verification (see below).

Previously, we showed that Ddc1(340-562), an N- and
C-terminally truncated derivative of the 612 aa Ddcl protein,
has full activity, but that further N-terminal truncation to
Ddc1(348 —562) significantly reduced activity (18). In that study
we also reported on the design of a 30-mer peptide consisting of
a fusion of the two aromatic residue-containing motifs (346 —
365 + 537-546; sequence in Fig. 2B). The Ddc1-1 peptide trig-
gered robust kinase activity by Mecl, suggesting that the inter-
vening 171 aa appear to be largely dispensable. However, these
intervening regions may provide auxiliary binding energy,
because the apparent affinity of the peptide for Mecl is about
100-1000-fold lower than that of full-length Ddc1 (Fig. 24). In
addition, the maximal extent of activation is also somewhat
decreased. An increase in the NaCl concentration in the assay
significantly reduced activation by the peptide: the peptide K,
value increased from 1.2 um at 50 mm NaCl to 8.2 um at 110 mm
NaCl (Fig. 2A). Therefore, to be able to detect lower activities of
variant peptides, our peptide studies were carried out at 50 mm
NaCl.

We previously determined that each of the two tryptophans
in the Ddcl-1 peptide is essential for activity; substituting
either Trp-352 or Trp-544 for Ala resulted in a complete loss of
activity (18). However, changing the Trp-352 residue to Tyr, as
occurs in S. pombe Rad9, or to His, as occurs in human Rad9,
retained considerable activity (Fig. 2B). To identify additional
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features required for stimulation of Mec1, we deleted various
residues or groups of residues within the Ddcl peptide or
replaced them with alanines, and analyzed their effect on Mecl
activity in the kinase assay (Fig. 2C). Deletion of the first two aa
(AN346,D347) did not affect activation, and neither did dele-
tion of the terminal six aa (A360-ILMQMQ-365) of motif 1.
Since this latter sequence, which constitutes a -strand in the
PCNA-like fold, is highly conserved in Ddc1/Rad9, we conclude
it is only so for structural reasons. A change of both prolines
(P356A, P359A) that are in the loop of the B-strand-loop--
strand secondary structure, had a minor effect on activity. Sim-
ilarly, deletion of 537-RAD-539 in motif 2 showed only a minor
decrease in activity.

Next, we mutated several conserved residues in the 30-mer
peptide (Fig. 2C). In general, mutation of amino acids close to
the critical tryptophans showed stronger defects. In particular,
mutation of long-chain aliphatic and aromatic amino acids
(NI348,349AA, L351A, F353A, V542A) resulted in strong acti-
vation defects, whereas mutation of hydrophilic/small residues
(S350A, C353A, T543A, G545A) showed only minor defects.
Only one variant (K546A) showed an increase in Mecl1 activa-
tion activity. Consistent with these results, an 18-mer minimal
peptide (***NISLWFCHPGD358 —-540TTVTWGK>*®) still
showed 20% activity (data not shown). From these experimen-
tal results and the bioinformatics, we deduce a consensus motif
of pxdpaa-Xg;_19o-Pxa, in which ¢ is long-chain hydrophobic
and a is aromatic. Interestingly, most Ddc1/Rad9 sequences (36
out of 43) have a Gly either directly before or after the aromatic
residue in motif 2, although in our study, changing this Gly to
Ala, reduced the activity only by 50%.
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FIGURE 3. A nine amino acid Dna2 peptide is sufficient for activation of Mec1. A, titration of the Dna2(1-499) domain or the Dna2-1 peptide (sequence given in B)
in the standard Mec1 assay with Rad53-kd as substrate (see “Experimental Proceduress”). B, effect on peptide activity of substituting the Trp-128 residue with other
aromatics. G, reduction of the size of the peptide results in gradual loss in affinity. Peptide size numbering is shown in B, and K, values determined. D, residues in the
Dna2-1 peptide were mutated to alanine, as indicated in the graph, and their ability to stimulate Mec1 was quantified relative to the wild-type peptide. Peptide
concentrations ranged from 1.5-50 um. Data represent the average of at least three independent experiments for peptides that showed activity, and of two experi-
ments for peptides that were inactive. Error bars are standard error of the mean. Pro-122 and Pro-132 were simultaneously mutated to alanines.

A Peptide Derived from S. pombe Rad9 Activates S. cerevisiae
Mecl—Our Ddcl peptide analysis has suggested specific motifs
that are required for activation of Mecl. A comparison between
S. cerevisiae Ddcl and S. pombe Rad9 indicates that spRad9
may fulfill these requirements in the two motifs that are
anchored by Tyr-271 and Trp-348. The Tyr-271 residue is pre-
dicted to reside at the same position in the 9-1-1 structure as
human His-239 and scTrp-352, whereas Trp-348 is in the
unstructured C-terminal tail. We fused the two S. pombe motifs
into a 27-mer peptide, and found that this peptide showed
robust stimulation of S. cerevisiae Mecl (Fig. 2D). In addition,
mutation of either Tyr-271 or Trp-348 to alanine abolished
stimulatory activity. These data parallel those for S. cerevisiae
Ddcl (Fig. 2C). From these observations we can draw the con-
clusion that critical interaction motifs are conserved between
S. cerevisiae Mec1/Ddc2 and S. pombe Rad3/Rad26. Secondly,
our data suggest that in S. pombe, the 9-1-1 clamp has the
potential to activate Rad3 kinase independent of the activation
motifs on Cut5 (the ortholog of Dpbll/TopBPl). We
attempted to extend this heterologous activation system with
an analogous human Rad9 peptide, but observed no significant
activity. Therefore, we can draw no conclusion with regard to
the activation of human ATR/ATRIP by 9-1-1, but others have
proposed that the sole function of human 9-1-1 is to recruit
TopBP1 (15).

A Nine Amino Acid Peptide of Dna2 Is Sufficient for Mecl
Activation—The Mecl-stimulatory activity of S. cerevisiae
Dna?2 resides in its intrinsically disordered N-terminal tail (Fig.
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1A), and the activity is independent of its nuclease and helicase
activities. In fact, the isolated domain, Dna2(1-499) showed
the same apparent affinity and activation kinetics as the 1522 aa
full-length Dna2 (20). In contrast with the Ddcl/Rad9 and
Dbp11/Cut5/TopBP1 activators, a potential conserved motif
for Dna2 was only identified in the ascomycetes phylum of
fungi, a large phylum that contains both budding and fission
yeast; it was not found in other fungi nor in metazoa. Consistent
with this finding, human Dna2 does not contain a long disor-
dered N-terminal tail (29). A comprehensive mutational analy-
sis of the aromatic residues in Dna2(1-499) showed that only
the mutation of Trp-128 and of Tyr-130 compromised the
stimulatory activity of Dna2 (20). This was a surprising devia-
tion from the knowledge we had gained from our studies with
Ddcl and Dpbll, because the activation motifs in those two
activators are bipartite and the two motifs are separated by a
highly variable distance, but at least by 30 amino acids (Fig. 1C).
Indeed, the 30-mer Dna2-1 peptide that surrounds these two
close aromatics showed robust stimulatory activity (20), and its
maximum stimulatory activity approached that of the entire
499 aa long intrinsically disordered domain (Fig. 34). However,
as before with the Ddcl-1 peptide, the apparent affinity of
Dna2-1 for Mecl is 100 —1000-fold lower than that of Dna2(1-
499). We first determined whether the critical Trp-128 residue
in the peptide could be replaced by other aromatic residues
with retention of activity. Substitution of Trp by Tyr resulted in
almost complete retention of activity, however, substitution
with Phe substantially compromised activity and substitution
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FIGURE 4. A role for Dna2 prolines 122 and 132 in checkpoint function. A,
titration of the Dna2(1-499) domain or the PP122,132AA mutant domain in
the standard Mec1 assay with Rad53-kd as substrate, but with 100 mm NaCl
(see “Experimental Procedures”). B, far UV CD spectra of the two domains at 2
1M, in 50 mm Hepes 7.5, 150 mm NaCl buffer at 20 °C. C, 10-fold serial dilutions
of strains containing both plasmid pRS316-DNA2 (URA3 DNA2) and the indi-
cated DNA2 mutant plasmid or empty vector (A) were plated on 5-FOA
medium to evict the complementing URA3 plasmid, and growth scored after
2 days at 30 °C. The relevant genotypes are shown. See “Experimental Proce-
dures” for details. D, 10-fold serial dilutions of strains containing either wild-
type DNA2 or the indicated mutants were plated on YPD medium and irradi-
ated with 30 J/m? of UV,s, where indicated, or plated on YPD containing
either 75 mm or 10 mm hydroxyurea (HU). Growth was scored after 2 days at
30 °C. E, strains PY270 (tel1A ddc1A) containing the indicated DNA2 mutant
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with His completely inactivated the peptide (Fig. 3B). Interest-
ingly, S. pombe is the only one out of the thirty species in the
Dna?2 alignment that has a Phe rather than Trp at this central
position.

We next took two approaches to defining a minimal consen-
sus sequence. First, we truncated the peptide sequence to iden-
tify a minimal sequence with stimulatory activity. Progressive
truncation of the peptide resulted in a gradual decrease in its
affinity for Mecl (Fig. 3C). However, the smallest peptide we
tested still showed significant activity. This is a 9-mer, contain-
ing the central aromatics and adjacent hydrophobic aliphatic
amino acids, but, surprisingly, lacking the highly conserved
proline residues (Fig. 1C). We then mutated central residues
within the 30-mer Dna2-1 peptide to identify critical determi-
nants for activity (Fig. 3D). To a large extent, mutations of res-
idues close to the critical Trp mirrored the results we found
with the Ddc1 peptide: adjacent longaliphatic amino acids were
crucial for activity, while charged residues were less so. This
leads to a consensus of ¢p¢paxa that is much simpler than the
bipartite Ddcl consensus sequence ($xdpaa-Xq;_;90-PX).

Considering that the two prolines on either side of the central
Trp-128 residue are highly conserved in the ascomycetes phy-
lum (Fig. 1C), we were surprised that neither the single P — A
mutants (not shown), nor the double mutant showed major
defects (Fig. 3D). We entertained two possibilities. First, we
considered that the two prolines serve to prevent folding of the
central Trp-containing sequence, however, that they have no
function in our small peptides that are already unfolded. There-
fore, we made the double PP-AA mutation in the entire (1-499)
domain, but the mutant domain showed the same activity as
wild-type (Fig. 44). In addition, the far UV CD spectra of both
Dna2(1-499) proteins showed the characteristics of that of dis-
ordered proteins with very minor a-helical content and no dis-
cernible B-strand content, as predicted by structural disorder
algorithms (Figs. 1A and 4B). The a-helical content of the
Dna2(1-499)""*4 mutant was only slightly increased com-
pared with wild-type.

The second possibility we considered is that the prolines do
serve a function in checkpoint activation, however, this func-
tion is not recapitulated in our simple in vitro assay. We have
previously shown that the Mecl stimulation-defective dna2-
WY128,130AA mutant shows minimal checkpoint defects in an
otherwise wild-type yeast due to partial redundancy for activa-
tors, but the mutant allele shows very strong growth defects
when the checkpoint is more severely compromised in a ddcIA
tell1A deletion strain (20). The ddcIA mutant simultaneously
incapacitates the functions of both Ddcl and Dpbll, since
Dpb11’s function depends on an intact 9-1-1 (18), and te/1A is a
deletion of the ATM-like kinase Tell, which in yeast can par-
tially substitute for Mec1 in the DNA replication checkpoint (3,
30). The poor viability of tel1A ddc1A dna2-WY128,130AA has
been attributed to a vast increase in gross chromosomal rear-
rangements, which are suppressed either by the presence of
Tell or by either Mec1 activator Ddcl or Dna2 (31).

were synchronized in G1 and released into S phase with or without
hydroxyurea. Phosphorylation of Rad53 was measured by Western analysis.
See “Experimental Procedures” for details.
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We repeated the analysis for both the dna2-WY128,130AA
and the double proline mutant dna2-PP122,132AA (henceforth
referred to as dna2-WY-AA and dna2-PP-AA, respectively)
alleles in three strains, an otherwise wild-type strain, a ddcIA
mutant, and a ddcIA telIA double mutant. The wild-type
DNA?2 gene, present on a URA3 centromere plasmid, was
evicted from these strains that were heterozygous for DNA2/
dna2 by growth on 5-fluoroorotic acid (5-FOA). The analysis in
Fig. 4C shows that DNA2 is an essential gene in all strain back-
grounds since the empty vector (A) did not complement. How-
ever, while growth defects were not apparent in a wild-type or
minimal in a ddcIA strain, severe defects were observed in the
ddclA tellA double mutant, with dna2-WY-AA showing a
more severe phenotype than dna2-PP-AA (Fig. 4C). We also
tested the sensitivity of these strains to the replication inhibitor
hydroxyurea, and to UV irradiation (Fig. 4D). Again, both
dna2-WY-AA and dna2-PP-AA showed sensitivity to hy-
droxyurea in all strains with dna2-WY-AA displaying a more
severe phenotype. However, sensitivity of the double proline
dna2-PP-AA mutant to UV irradiation was only displayed in
the most severely checkpoint-defective ddciA telIA double
mutant. To determine whether the increased sensitivity of the
dna2-PP-AA mutant to hydroxyurea is actually the result of
checkpoint defects, we released cells that were arrested at G1/S
with a-Factor mating pheromone into S phase in the presence
of 200 mm hydroxyurea. Cells were harvested after 90 min, and
the degree of activation of the replication checkpoint was
assessed by determining the phosphorylation status of the
effector kinase Rad53. A 1.5-2-fold reduction in Rad53 phos-
phorylation was observed (Fig. 4E). In comparison, Rad53 phos-
phorylation after hydroxyurea treatment in the dna2-WY-AA
mutant was completely abrogated, as determined previously
(20). These data indicate that the two prolines surrounding the
central motif in Dna2 serve a checkpoint function that, while
not as critical as the aromatic residues, is important for proper
genome maintenance.

A Two-step Mechanism for Activator Binding to Mecl—The
aromatic residues that are critical for Mec1 activation by the
three different activators have been identified, and mutation of
both residues together leads to complete loss of stimulation of
Mecl kinase in vitro and in vivo. However, how these essential
amino acids and the hundreds of amino acid long neighboring
domains contribute to Mec1 binding has not been determined.
While the short peptides derived from Ddcl and Dna?2 activate
Mecl nearly as efficiently as the full-length proteins, their
apparent affinity for Mecl is 100 —1000-fold lower.

We considered two distinct models for binding of the struc-
turally disordered domains to Mec1 (Fig. 5A4). In the first model,
both the aromatics and neighboring domains bind indepen-
dently to Mecl, each contributing binding energy that, when
combined results in low nm affinity. In the second model, the
aromatics bind first in the activation site of Mecl with low
affinity, followed by an overall increase in complex stability
through binding of the neighboring sequences. Here we pro-
vide data that support the latter, sequential binding model.

If tight binding consisted of contributions by multiple inde-
pendent modules, then one would expect that the inactive
Dna2(1-499)%Y 44 mutant protein would interfere with bind-
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depicting random or sequential binding of Dna2 activator to Mec1. The ran-
dom pathway is inconsistent with the data below. B, titration of Dna2(1-499)
in an assay with or without Dna2(1-499)WY*A (, titration of Dna2(1-
499)WYAA in assays with subsaturating concentrations of the indicated pro-
teins, or the Ddc1-1 or Dna2-1 peptide.

o

ing of the wild-type protein to Mecl. However, this is not
observed. The apparent affinity of Dna2(1-499) for Mecl
remains unchanged when 1 pum Dna2(1-499)% Y44 was added
to the assay (Fig. 5B). Conversely, increasing concentrations of
Dna2(1-499)WY*A failed to inhibit activation by either the
Dna2 or Dpb11 activators, or by the Dna2-1 or Ddc1-1 pep-
tides (Fig. 5C). In this assay, the activators were present at sub-
saturating levels.

We therefore conclude that Dna2(1-499)%Y-A4 cannot
compete with the activator proteins and peptides for Mecl
binding, and therefore Trp-128 and Tyr-130 are essential deter-
minants for initiating activator binding to Mecl.
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Discussion

The importance of a functional checkpoint pathway is
underscored by its role in human disease. Mutations in ATM,
the human homolog of Tell, lead to the neurodegenerative and
cancer predisposition disorder ataxia telangiextasia (32). ATR,
on the other hand, is essential for replicating cells (33-35).
Mutations in ATR can lead to the rare Seckel syndrome that is
characterized by growth retardation and microcephaly as well
as genome instability (36). In this study, we have focused on
Mecl, the yeast homolog of ATR, and sought to better under-
stand the initial steps in its activation. In mammals, the only
ATR activator described to date is the replication protein
TopBP1 (19, 37, 38), whereas three different activators contrib-
ute to Mecl1 activation in S. cerevisiae, both in vitro and in vivo
(6,12, 13, 20). These three activators, Ddc1 of the 9-1-1 check-
point clamp, the Dpb11 replication initiation protein, and Dna2
nuclease-helicase, have very different functions in DNA metab-
olism. However, they all contain an unstructured region with
key aromatic residues that are absolutely required for Mecl
activation.

To study the effect of the residues surrounding these essen-
tial aromatics, we made use of 30-mer peptides that exhibit
robust Mec1 activation (18, 20). The Ddc1-1 peptide is a fusion
of the two activation motifs of Ddcl. Several hydrophobic res-
idues within the Ddcl activation motifs are required for effi-
cient Mecl activation in vitro (Fig. 2C). Based on the crystal
structure of the human 9-1-1 checkpoint clamp, the N-terminal
activation motif of Ddc1 that is centered around the essential
tryptophan residue (Trp-352) forms a conserved [-strand-
loop-B-strand motif (26 —28). Also the C-terminal motif of the
Ddcl peptide may fold into a short B-strand (39). Earlier work
from our lab has shown that the first 8-strand in motif 1 is both
required for Mec1 stimulation and for correct assembly of the
9-1-1 complex while the second B-strand has only a structural
function (18). According to the GOR V protein secondary
structure prediction algorithm (39), point mutations that abol-
ish Mecl stimulatory activity are predicted to attenuate the
propensity to form the first B-strand (NI348 —349, L351, F353,
Fig. 2C), whereas the PP356/359AA, S350A, and C354A muta-
tions, which retain activity, do not affect the potential for
B-strand formation. Similarly, the V542A mutation in motif 2
affects both the activity of the peptide and its potential for
B-strand formation, while T543A and G545A did neither.
Therefore, we suggest that folding into a B-strand onto the
stimulatory site of Mecl may be an important feature of the
activation process.

Because the structures of Dna2 and Dpbll have not been
solved, we cannot reliably know whether all of our Mecl acti-
vators contain 3-strands in their activation domains, and inter-
estingly, the central motif of the Dna2-1 peptide is predicted to
have a higher propensity to form an a-helix than a B-strand
(39). However, the CD spectrum of Dna2(1-499) shows that
the protein is largely unfolded, and so is the Dna2(1—499)°*-44
mutant in which the helix-destabilizing prolines have been
mutated (Fig. 4B). And while we detected no significant defect
of the mutant domain to activate Mecl kinase (Fig. 44), the
mutant showed substantial checkpoint defects in yeast (Fig.

400 JOURNAL OF BIOLOGICAL CHEMISTRY

4D). We speculate that the Dna2 NTD folds more readily in the
crowded nucleoplasm of the cell, and that the helix-destabiliz-
ing function of the two proline residues do serve a important
destabilizing function in vivo to present the essential aromatics
to the activation site of Mecl. However, that the prolines are
part of a binding motif to other protein(s) that function in the
checkpoint pathway cannot be excluded.

We have used the novel insights of Mec1 activators to probe
the mechanism of Mecl activation. The presence of a large
excess of the Dna2(1-499)%Y-AA mutant that is deficient for
Mecl stimulation did not affect activation of Mec1 by wild-type
Dna2(1-499) (Fig. 5, B and C). This is consistent with a model
where the two aromatics within the activation motif are the
primary determinant of activator binding to Mecl. However,
they do not appear to be the sole determinant, because the
apparent affinity of Ddcl- and Dna2-derived short activator
peptides to Mecl is two-three orders of magnitude lower than
that of the respective full-length activator. Our studies there-
fore support a model where the key aromatic residues within
the activation motif of the stimulating protein first bind the
activation site of Mecl. Sequences surrounding the aromatics
can then bind Mecl, increasing the overall binding affinity and
the stability of the activator-Mec1 complex. This would explain
why the activation motif in the context of the full-length pro-
tein is more potent in activating Mecl.

Our in-depth analysis of the Mec1 activation motifs in Ddc1
and Dna?2 has provided us with detailed insight into the require-
ments for Mecl stimulation. Future studies will reveal whether
the activation motifs of all three Mec1 activators really do form
structural domains that show similarities in conformational
display to Mec1, and whether this feature is conserved in other
eukaryotic species.
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