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Introduction

The G
2
 DNA damage checkpoint functions to prevent mitotic 

entry in the presence of DNA damage, thereby allowing time 
for DNA repair to reassemble intact chromosomes.1 Failure of 
checkpoint signaling leads to the segregation of chromosomes 
containing unrepaired lesions, resulting in gross chromosomal 
rearrangements and/or cell death. A large number of proteins 
collaborate in this signaling process, and culminate in the acti-
vation of the highly conserved effector protein kinase, Chk1. 
This activation requires Chk1 to be recruited to complexes of 
checkpoint proteins assembled at the sites of primary lesions that 
have subsequently been converted into DNA and then coated by 
RPA. There, Chk1 transiently binds BRCT-domain mediator 
proteins, which enables Chk1 to be phosphorylated on S345 in 
its C-terminal regulatory domain by the resident PI3K-related 
protein kinases (PIKKs) ATM and ATR, activating its kinase 
activity.2-4 Active Chk1 then elicits a G

2
 cell cycle delay by upreg-

ulation of the kinase (Wee1) and downregulation of the phospha-
tase (Cdc25) that control inhibitory tyrosine-15 phosphorylation 
of the mitotic cyclin-dependent kinase Cdc2.1,5,6

Although S345 phosphorylation is required for Chk1 activa-
tion,3 and its dephosphorylation is both necessary and sufficient 
to inactivate Chk1 once repair is completed,7 mechanistic details 
of how this modification regulates Chk1 activity are not known. 
All Chk1 homologs possess an N-terminal kinase domain and a 
C-terminal regulatory domain of ~200 amino acids.8 Removal 
of the regulatory domain substantially stimulates the activity 
of the kinase domain when assayed in vitro, suggesting that the 

Chk1 is the effector kinase of the G2 DNA damage checkpoint. Chk1 homologs possess a highly conserved N-terminal 
kinase domain and a less conserved C-terminal regulatory domain. In response to DNA damage, Chk1 is recruited to 
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have shown that deletion of this putative auto-inhibitory domain actually inactivates Chk1 function. We show here that 
Chk1 homologs possess a kinase-associated 1 (KA1) domain that possesses residues previously implicated in Chk1 auto-
inhibition. In addition, all Chk1 homologs have a small and highly conserved C-terminal extension (CTE domain). In fission 
yeast, both of these motifs are essential for Chk1 activation through interaction with the mediator protein Crb2, the 
homolog of human 53BP1. Thus, through different intra- and intermolecular interactions, these motifs explain why the 
regulatory domain exerts both positive and negative control over Chk1 activation. Such motifs may provide alternative 
targets to the ATP-binding pocket on which to dock Chk1 inhibitors as anticancer therapeutics.
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regulatory domain is auto-inhibitory.9,10 Within this domain are 
two small regions that are conserved from the yeasts to humans, 
and consistent with an auto-inhibitory model, specific amino acid 
substitutions in these domains can activate Chk1 without appar-
ent DNA damage or S345 phosphorylation.11-13 However, in the 
fission yeast Schizosaccharomyces pombe, several other mutations 
in these domains functionally inactivate Chk1,13 and in the bud-
ding yeast Saccharomyces cerevisiae, mutations in these domains 
ablate an interaction with the mediator protein Rad9.14 Further, a 
series of C-terminal truncations in S. pombe Chk1, ranging from 
the final 11 residues through to the entire regulatory domain, are 
all non-functional proteins when assayed in vivo by their ability 
to mount a checkpoint response in cells exposed to DNA damag-
ing agents.13 These data suggest that the C-terminal regulatory 
domain may be both inhibitory and yet also required for Chk1 
activation and/or function in the cell.

Loss of G
1
/S checkpoint signaling through the p53 tumor-

suppressor pathway is commonplace in cancer cells.15 On the 
contrary, the G

2
 checkpoint is rarely (if ever) lost, and many stud-

ies have shown that tumor cells actually require Chk1 and the 
G

2
 checkpoint for viability, particularly if challenged by geno-

toxins.16,17 For this reason, a number of small-molecule inhibi-
tors of Chk1 have been identified and are in various stages of 
clinical and preclinical development.18,19 The majority of these 
inhibitors are ATP-competitive molecules, and thus run the risk 
of off-target effects. Despite this, interest in inhibiting Chk1 in 
combination with genotoxic therapy remains high, and design of 
inhibitory strategies would benefit greatly from a more detailed 
understanding of mechanisms of Chk1 activation.
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First, we investigated predictions of protein order and disor-
der across S. pombe Chk1. While the kinase domain is predict-
ably highly structured, it is immediately followed by a disordered 
region of ~100 amino acids. However, the C-terminal 100 resi-
dues, which include the conserved regions of homology, are 
predicted to adopt an ordered structure (Fig. 1A). We then com-
pared the predicted protein fold of this domain to that deter-
mined for the solution structure of the KA1 domain of the mouse 
MARK3 kinase,32 another member of the Par-1 family. Both the 
S. pombe and human Chk1 sequences are predicted to form the 
same βαββββα fold of the KA1 with analogous spacing to that 
of MARK3 (Fig. 1B and C). The two highly conserved regions 
within the regulatory domain in which both activating and inac-
tivating mutations have been identified comprising β1 and α2 
regions of the KA1 domain. The disordered region between the 
kinase and KA1 domains could presumably provide the flexibil-
ity to enable these domains to interact intramolecularly, which is 
in keeping with the autoinhibitory model of Chk1 regulation.10 
However, the existence of many inactivating mutations and dele-
tions in the KA1 domain shows that this cannot be the only 
function for this region of the regulatory domain.

Importantly, unlike other KA1-containing kinases, all Chk1 
homologs contain a small C-terminal extension (CTE domain) 
with a predicted β-sheet containing an isoleucine-valine (IV) 
motif that is conserved from S. pombe to humans (Fig. 1B and C). 
The IV motif is present as a related VV motif in some species, 
such as mice, chickens and Xenopus. A short but not conserved 
region follows this motif, again in all Chk1 homologs. The con-
servation of these KA1 and CTE domains across all Chk1 homo-
logs makes them likely candidates as important regions of Chk1 
regulation, which we have dissected for the S. pombe enzyme.

KA1 and CTE domains are essential for Chk1 function. 
To interrogate the importance of the KA1 and CTE domains in 
Chk1 function, a number of mutant alleles were constructed at 
the endogenous chk1 locus. Notably, although a previously con-
structed truncation series did delete the predicted KA1 domain,13 
this series simultaneously deleted the CTE domain in each allele, 
hence, we have analyzed these separately in this study.

First, an internal deletion of the entire KA1 domain leav-
ing the CTE intact (ΔKA1) inactivates Chk1 function, as does 
a smaller deletion of the C-terminal half of the KA1 domain 
(Δ½KA1). This is evidenced by sensitivity to UV-C irradiation 
(Fig. 2A) and the alkylating agent methyl methanesulfonate 
(MMS) (Fig. 2B). Like all other chk1 alleles identified to date, 
this sensitivity extends to all DNA damaging agents so far tested. 
This sensitivity is accompanied by an inability to delay mitotic 
entry after irradiation, resulting in the “cut” phenotype where 
the division septum bisects the damaged chromosomes that 
are unable to segregate (arrowed in Fig. 2C), again seen with a 
diverse range of DNA damaging agents. Thus, the KA1 domain 
is required for Chk1 function in vivo. This result does not sup-
port the hypothesis that the KA1 domain is solely autoinhibitory, 
but does not rule out an additional autoinhibitory function as 
proposed for the Par-1 homologs.

Second, we made a number of mutations C-terminal to the 
KA1 domain (Fig. 2). As seen before, deletion of the entire region 

The deletion of chk1 is functionally equivalent to deleting 
its specific mediator,20 which in S. pombe is known as Crb2 and 
Rad9 in S. cerevisiae. The Crb2/Rad9 homolog in humans is 
53BP1,21 though additional mediator proteins exist in vertebrates 
that also contribute to Chk1 activation, such as MDC122-24 and 
Claspin.25-27 Conversely, other components of the checkpoint 
cascade have additional roles in DNA repair, lesion bypass, rep-
lication fork stability and telomere maintenance.17,28-30 Thus, 
inhibiting checkpoint signaling upstream of the mediators and 
Chk1 may be very toxic to cells due to these other functions in 
genome integrity, which for DNA repair and telomere mainte-
nance would not require active cell cycling.

A viable alternative strategy to inhibit Chk1 signaling would 
be to block its DNA damage-induced activation, either through 
its interaction with Crb2/53BP1, or by blocking the activating 
effects promoted by S345 phosphorylation. With this in mind, 
we sought to define small regions of the regulatory domain 
that are required for Chk1 activation, which could potentially 
serve as docking sites for such allosteric inhibitors. We describe 
here an analysis of a kinase-associated 1 (KA1) domain in the 
C-terminus of Chk1, plus an additional highly conserved motif 
present in an unique C-terminal extension (CTE), both of 
which are required for Chk1 activation. The presence of these 
motifs provides a rationale as to the dual nature of the regulatory 
domain, and presents an alternative target for small-molecule 
inhibition.

Results

In silico analysis of the regulatory domain of Chk1. A large 
number of mutations in the regulatory domain of S. pombe Chk1 
have been identified that ablate function,8 though whether these 
alleles cause a specific and informative change in Chk1 regulation 
or a general change in the fold and/or stability of the protein is 
not known. However, rare alleles that are mis-sense mutations in 
the only highly conserved regions outside the kinase domain are 
gain-of-function in both the yeasts and in Xenopus,11-13 suggest-
ing these regions are indeed critical to Chk1 regulation. Limited 
homology between the most N-terminal motif (RMTRFFT in 
human Chk1) and a 37 amino acid protein phosphatase interact-
ing (PPI) domain of a number of protein kinases in Arabidopsis 
thaliana has been previously noted.31 However, subsequent struc-
tural and phylogenetic analyses have indicated that this PPI 
domain is larger (80–90 amino acids), and is at the extreme 
C-terminus of a number of protein kinases found in a wide vari-
ety of species.32,33 This domain has been renamed the kinase-
associated 1 (KA1) domain and is a compact structure with a 
hydrophobic concave surface constrained by a βαββββα fold. 
Such a structure is consistent with this domain functioning as a 
protein-protein interaction module. Importantly, KA1 domains 
have been shown to function as autoinhibitory domains in the 
mouse MELK (maternal embryonic leucine zipper kinase)34 
and yeast Kin1 kinases,35 both relatives of the Par-1 kinase of 
Caenorhabditis elegans. Based on these findings, and the proposal 
that the C-terminus of Chk1 is autoinhibitory, we searched for 
similar regulatory motifs in Chk1.
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The lack of activating S345 phosphorylation on non-func-
tional Chk1 mutants may be due to an inability to be phos-
phorylated or, given the interactions between KA1 domains and 
protein phosphatases,31,36 an enhanced dephosphorylation. Dis2, 
a type 1 protein phosphatase is both necessary and sufficient for 
Chk1 dephosphorylation in S. pombe.7,37,38 We therefore assayed 
phosphorylation of the mutant Chk1 proteins in dis2Δ cells, 
and used chronic exposure to the alkylating agent MMS to fur-
ther increase the chance to trap Chk1 in its phosphorylated and 
active state. Again, only the functional Δ492–496 mutant was 
phosphorylated (Fig. 3D), and so we found no evidence of an 
enhanced dephosphorylation of the non-functional mutants.

Therefore, these data suggest that the mutant Chk1 proteins 
fail to be phosphorylated by Rad3. The phospho-acceptor site, 
S345, is intact in all the expressed mutant proteins, thus it is 
unlikely that ATR would fail to recognize them, so long as the 
proteins were in close enough proximity for catalysis to occur. 
In the S. pombe cell, this is achieved in the presence of DNA 
damage via a transient interaction between Chk1 and Crb2 
(53BP1 in humans) at sites of DNA damage,4 at which Rad3 is 
also anchored by its partner protein Rad26 (ATR and ATRIP in 
humans).39 The transient nature of this interaction means that 
the physical association of Chk1 and Crb2 cannot be detected 
unless one or both of the proteins are overexpressed.4 However, 

(Δ485–496) inactivates Chk1. Moreover, deletion of the CTE 
domain (Δ485–491), or the conserved IV motif (Δ488–489) 
within the CTE domain also inactivated Chk1. Similarly, muta-
tion of the IV to alanines (IV488–489AA) also creates an inactive 
chk1 allele. However, deletion of the non-conserved amino acids 
after the CTE domain at the extreme C-terminus (Δ492– 496) 
had no measurable effect on Chk1 function. Therefore, the CTE 
domain of Chk1, which appears to be unique among protein 
kinases with KA1 domains, is absolutely required for function.

KA1 and CTE domains are required for Chk1 activation 
through interaction with Crb2. We next assayed expression of 
these Chk1 mutants by western blotting in untreated cells, and 
in cells irradiated with 150 J/m2 UV-C. DNA damage induces 
ATR- (Rad3 in S. pombe) catalyzed phosphorylation on S345, 
which activates Chk1’s kinase activity and results in a mobil-
ity shift on SDS-PAGE.3 As expected, functional Chk1 alleles 
(wild-type and Δ492–496) were expressed and phosphorylated 
in UV-C-irradiated cells (Fig. 3A). Conversely, none of the 
non-functional alleles were phosphorylated, and the expression 
of both the ΔKA1 and Δ488–489 proteins was not detectable 
(Fig. 3A and B) despite normal levels of mRNA for these alleles 
(Fig. 3C). This is not the case for amino acid substitutions in 
these domains, and suggests a profound effect on protein folding 
leading to degradation.

Figure 1. The C-terminal region of Chk1 contains a predicted kinase-associated 1 (KA1) domain with a unique C-terminal extension (CTE). (A) DISO-
PRED generated disorder plot of S. pombe Chk1. The horizontal line at 5% represents the order/disorder threshold. (B) PSIPRED secondary structure 
prediction of the KA1 domain (βαββββα) for S. pombe Chk1, (C) human Chk1, (D) Mouse MARK3 kinase. Note that Chk1 has an extension containing 
β6. α-helices (H) are green cylinders, β-sheets (E) are yellow arrows and black lines are coiled regions (C). Cyan bars represent the confidence of the 
prediction (0–100%). The Chk1 residues boxed by the red line are the most conserved residues that when mutated can either activate or inactivate 
Chk1 homologs.
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Chk1 mutants were detected in the GST-Crb2 pull downs. This 
suggests that these Chk1 proteins are non-functional due to an 
inability to interact with Crb2; hence, they are unable to undergo 
activating phosphorylation within the checkpoint complexes at 
sites of DNA damage. Hence, both the KA1 and CTE domains 
promote this interaction, though it is not necessarily the case that 
both do so directly.

Discussion

Based on the structural predictions, sequence conservation and 
genetic dissection in S. pombe, we conclude that the KA1 and 
CTE domains are important determinants in Chk1 regulation. 
The activating phosphorylation sites in Chk1 are within the 
disordered spacer between the kinase and KA1 domains, and 
their phosphorylation may alter protein flexibility to regulate 

the interaction has been confirmed in multiple species, and by 
two-hybrid interaction assays.12,40 and is defective in S. cerevisiae 
mutants in the conserved regions of the KA1 domain identi-
fied herein.14 Therefore the overexpression allows detection of a 
bona fide interaction that activates Chk1, but rapidly releases it 
to phosphorylate Wee1 and Cdc25 homologs to elicit a G

2
 cell 

cycle arrest.
To assay a Chk1-Crb2 interaction, strains expressing wild-

type Chk1, the Δ½KA1 mutant and the IV488–489AA substi-
tution mutant in CTE domain were transformed with plasmids 
expressing GST or GST-Crb2 from the strong, thiamine-repres-
sible nmt1 promoter.41 Following induction of GST and GST-
Crb2, cells were treated with MMS to activate the checkpoint 
cascade and lysates prepared for glutathione-mediated capture 
on magnetic beads. GST-Crb2, but not GST, pulled down wild-
type Chk1 at ~1–2% efficiency (Fig. 4). However, neither of the 

Figure 2. Mutations within the C-terminal regulatory domain ablate Chk1 function. (A) Clonogenic survival to UV-C irradiation for the indicted strains. 
(B) Ten-fold serial dilutions of the indicated strains were spotted onto YES agar containing no drug and 0.01% MMS and grown at 30°C for 4 d. The 
MMS and UV-C sensitive strains are similarly sensitive to all DNA damaging agents tested. (C) Non-functional chk1 alleles display the “cut” phenotype 
(arrowed) after treatment with DNA damaging agents, which is characteristic of checkpoint failure; chk1Δ, Δ½KA1 and IV488–489AA mutants are 
shown as examples. Under the same conditions, wild-type cells elongate due to the Chk1-dependent cell cycle arrest. Agents used are UV-C (150 J/m2), 
2 h after irradiation and a 4 h incubation in the following drugs: 0.01% MMS, 0.5 mU Bleomycin (Bleo), 10 μM Camptothecin (CPT) and 1 mM mechlor-
ethamine hydrochloride (HN2).
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data for Chk1 is currently limited to the kinase domain,9 and 
understanding the arrangement of the C-terminus relative to the 
kinase domain would be illuminating in understanding precise 
mechanisms of Chk1 regulation. However, the unstructured 
spacer will make this very challenging and is presumably why 
structural data outside the kinase domain is currently lacking. 
Nevertheless, the data presented here may enable this to be pur-
sued in a modular fashion, perhaps together with gene replace-
ment studies in human cells to confirm the generality of our 
conclusions.

Our findings are consistent with the CTE domain physically 
contacting Crb2, perhaps providing specificity to this interaction 
with spacing and/or orientation provided by the KA1 domain. 
Such an association may give access to S345 to be phosphory-
lated, and lock Chk1 into an active configuration. However, 
given the transient nature of the Crb2-Chk1 interaction, directly 
demonstrating the CTE-Crb2 interaction with purified domains 
will also be very challenging. Nevertheless, the CTE domain 
only confers positive regulation to Chk1, where the KA1 domain 
appears to confer both positive (Crb2-interacting) and negative 
(autoinhibition) regulation. Therefore, the CTE domain may 
provide specificity for small-molecule inhibitors of human Chk1 
activation by blocking the activating interaction with 53BP1. 

the ability for the KA1 domain to interact with and inhibit the 
kinase domain. Presumably the activating mutations in the KA1 
domain11-13 would disrupt this interaction, thereby mimicking 
the effects of S345 phosphorylation.

Chk1 is unique among the KA1 domain kinases in that the 
CTE domain follows the KA1 domain, whereas KA1 domains are 
normally located at the extreme C-terminus of protein kinases. 
The alanine substitutions show the IV motif is clearly required 
for Chk1 activation via Crb2 interaction. Although the resulting 
instability of the ΔIV mutant suggests the CTE domain is criti-
cal for the overall protein fold, it is notable that deletion of the 
entire domain (Δ485–491) does not affect stability. Structural 

Figure 3. Non-functional Chk1 mutants fail to undergo activating phos-
phorylation. (A and B) Western blotting (anti-HA for Chk1, anti-tubulin 
as a loading control) for the indicated strains either mock irradiated, 
or irradiated with 150 J/m2 UV-C. Activating phosphorylation is seen as 
a retarded mobility on SDS-PAGE. Note that the ΔKA1 and Δ488–489 
mutants show no detectable protein expression, but (C) show normal 
mRNA levels by northern blotting (28S rRNA is shown as a loading 
control). (D) The indicated Chk1 mutants were expressed in cells lacking 
the Chk1 S345 phosphatase Dis2, and either mock-treated or incubated 
with 0.01% MMS for 7 h. The non-functional alleles still fail to show 
activating phosphorylation.

Figure 4. Non-functional Chk1 mutants fail to interact with Crb2. 
Strains expressing the indicated Chk1 mutants were transformed with 
plasmids expressing GST or GST-Crb2 from the nmt1 promoter. Expres-
sion from nmt1 was induced by thiamine withdrawal for 12 h at 30°C, 
whereupon cells were then incubated with 0.01% MMS for a further 7 h. 
The top panels show the input (50 μg total extract) and recovered (on 
glutathione magnetic beads) GST and GST-Crb2, as well as the endog-
enous S. pombe GST that runs slightly faster than the exogenous GST. 
Lower panels show 1% or 2% of the input for Chk1 (50 μg or 100 μg of 
total extract) and the Chk1 (wild-type only) recovered on glutathione 
magnetic beads.
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Protein analysis. For straight western 
blotting, extracts were made from expo-
nentially growing cells by bead beating 
in Urea Lysis Buffer (8 M urea, 100 mM 
sodium phosphate, 10 mM Tris.HCl, pH 
7.2). Chk1 was detected using mouse 
monoclonal 12CA5 (Roche) at 2 μg/ml. 
Alpha-tubulin was detected with mouse 
monoclonal B-5-1-2 (Sigma) at 0.2 μg/
ml. Immune complexes were detected 
with HRP-conjugated donkey anti-mouse 

IgG (1/2,000) and ECL reagent (GE Healthcare). For GST and 
GST-Crb2 pull-down experiments, extracts were made from 
exponentially growing cells that had been grown in media lacking 
thiamine for 19 h, including 7 h in 0.01% MMS, in native lysis 
buffer [50 mM Tris.HCl pH 8, 250 mM NaCl, 10% glycerol, 
1 mM EDTA, 0.1% IGEPAL CA-630, 0.1 mM NaVO

4
, 10 mM 

β-glycerophosphate, 30 mM Na
2
H

2
P

2
O

7
, 50 mM NaF, 1 mM 

DTT, 5× protease inhibitor cocktail (Sigma P8340)]. Twenty μl 
of Pierce Glutathione Magnetic Beads (Thermo Scientific) was 
added to 5 mg of clarified extract, and GST and GST-Crb2 was 
collected for 4 h at 4°C. The beads were collected by magnetism, 
and washed 3× in lysis buffer. HA-tagged Chk1 was detected as 
above, and GST and GST-Crb2 (plus the endogenous S. pombe 
GST) were detected using mouse monoclonal B-14 (Santa Cruz) 
at 2 μg/ml. Electrophoretic and western transfer methods were 
as described.47
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