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Casein kinase 18 (CK10) controls essential biological processes including circadian
thythms and wingless-related integration site (Wnt) signaling, but how its activity
is regulated is not well understood. CK19 is inhibited by autophosphorylation of its
intrinsically disordered C-terminal tail. Two CK1 splice variants, 81 and 82, are known
to have very different effects on circadian rhythms. These variants differ only in the last
16 residues of the tail, referred to as the extreme C termini (XCT), but with marked
changes in potential phosphorylation sites. Here, we test whether the XCT of these
variants have different effects in autoinhibition of the kinase. Using NMR and hydro-
gen/deuterium exchange mass spectrometry, we show that the §1 XCT is preferentially
phosphorylated by the kinase and the 81 tail makes more extensive interactions across
the kinase domain. Mutation of 81-specific XCT phosphorylation sites increases kinase
activity both in vitro and in cells and leads to changes in the circadian period, similar
to what is reported in vivo. Mechanistically, loss of the phosphorylation sites in XCT
disrupts tail interaction with the kinase domain. 81 autoinhibition relies on conserved
anion-binding sites around the CK1 active site, demonstrating a common mode of
product inhibition of CK16. These findings demonstrate how a phosphorylation cycle
controls the activity of this essential kinase.

circadian rhythms | kinase | intrinsically disordered proteins

Kinases play a crucial role in biology through their ability to posttranslationally modify
proteins by phosphorylation, altering the structure and/or activity of their targets. The
activity of most kinases is therefore kept under tight regulation, requiring phosphorylation
of their activation loops and/or binding to cofactors or scaffolds to remodel the active site
and recruit substrates. In some cases, removal of inhibitory phosphorylation can activate
kinases (1, 2). The kinase domains of Casein kinase 18 (CK18) and its paralog, Casein
kinase 1 epsilon (CKle), are constitutively active, but autophosphorylation of their intrin-
sically disordered C-terminal extensions, or “tails,” inhibits kinase activity (3, 4). CK18/¢
tails are also targeted by a number of other kinases (5, 6) and phosphatases (4, 7-9) in vivo,
indicating a dynamic mode of kinase regulation that is not well understood. Given the
involvement of CK18/¢ in a wide range of pathways from wingless-related integration
site (Wnt) signaling, cell division, and apoptosis to circadian rhythms (5), understanding
how the kinase activity of CK18/¢ is regulated by phosphorylation of their intrinsically
disordered tails could shed light on underappreciated regulatory mechanisms.

In mammalian circadian rhythms, CK18/e regulate the intrinsic timing of the molecular
clock through phosphorylation of the Period (PER) proteins (10-12). A phosphoswitch
involving competing CK18/e-dependent sites on PERIOD2 (PER2) regulates its half-life
(13), wherein phosphorylation of beta-transduction repeat containing protein degrons and
subsequent protein turnover are counteracted by phosphorylation of several serines located
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Subtle control of kinase activity is
critical to physiologic modulation
of multiple physiological
processes including circadian
rhythms. Casein kinase 15 (CK18)
and the closely related Casein
kinase 1 epsilon (CK1¢) regulate
circadian rhythms by
phosphorylation of PERIOD2
(PER2), but how kinase activity
itself is controlled is not clear.
Building on the prior observation
that two splice isoforms of CK18
have opposite effects on the
circadian period, we show that
the difference maps to three
phosphorylation sites specific to
81 in the variably spliced region
[extreme C termini (XCT)] that
cause feedback inhibition of the
kinase domain. More broadly, the
data suggest a general model
where CK1 activity on diverse
substrates can be controlled by
signaling pathways that alter tail
phosphorylation.

within the CK1 binding domain that anchors the kinase to PER throughout its daily life
cycle (14-17). These stabilizing phosphorylation sites occur within the Familial Advanced
Sleep Phase (FASP) region, named for a point mutation in human PER2 (S662G) that
eliminates the priming phosphorylation and shortens the clock by ~4 h (18, 19). We recently
showed that phosphorylation of the PER2 FASP region leads to feedback inhibition of the
anchored kinase, utilizing two highly conserved anion-binding sites on CK19 near the
active site that bind phosphoserines in the FASP to block access to substrates (20). This is
similar to feedback inhibition of the kinase observed in DNA damage-induced apoptosis
(21). Conservation of these feedback inhibition binding modes establishes the importance
of CK18/e anion-binding sites for regulation of the kinase by phosphorylated substrates.
Seemingly modest alterations in CK18/e activity are well established to shift the balance
of the phosphoswitch to have a profound effect on circadian timing in mammals from
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rodents to humans. These alterations include inherited polymor-
phisms (22-25) and alternative splicing of CK18 (26). The two
CK13 splice isoforms, 81 and 82, are identical throughout the
kinase domain and most of the intrinsically disordered tail, differ-
ing only in the last 16 amino acids of the C terminus (Fig. 1A4), a
region we call here the extreme C terminus or extreme C termini
(XCT). Despite this relatively minor change, the 81 and 82 iso-
forms differentially phosphorylate the PER2 FASP region in vivo
to control the circadian period (26). Truncating the XCT at res-
idue 400 is suflicient to derepress kinase activity (27), suggesting
a crucial role for the XCT in regulation of CK1 activity in cells.
In this study, to understand how the splice variants differentially
regulate clock speed, we examined the biochemical role of the
XCT in the regulation of CK18 isoform activity. We found that
isoform-specific differences in CK1 activity are intrinsic to the
kinase in vitro; CK181 is autoinhibited to a greater extent than

CK15A294 (AC)

CK182, and truncation of the isoform-specific XCT essentially
eliminates autoinhibition. NMR assays of the 81 tail with the
kinase domain in #rans or cis, via segmental isotopic labeling,
revealed that the interaction between the kinase domain and 81
tail is dependent on phosphorylation and predominantly localized
to the d1-specific sequence. By contrast, the 82 tail interacts with
the kinase domain even in the absence of phosphorylation, con-
sistent with inhibition data using isolated 81 or 82 peptides.
Biochemically, mutation of three phosphosites in the unique
region of CK181 increased its activity to that of CK182. Using
hydrogen/deuterium exchange mass spectrometry (HDX-MS),
we mapped how CK1 isoforms or mutants differentially protect
the kinase domain and intrinsically disordered tails from deute-
rium exchange. Protection of the kinase active site in the presence
of an inhibitory phosphoFASP peptide of PER2 (20) mirrors
protection by the two CK18 isoforms, which is largely eliminated
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Fig. 1. CK138 isoforms change kinase activity in vitro and regulation of XCT phosphorylation in cells. (A) Schematic of CK18 isoforms and truncations. (B) Kinase
purification scheme with double tag system. (C) Quantification of 3P kinase assay measuring priming phosphorylation by CK181 (blue), CK152 (purple), CK15A400
(pink), or CK18AC (black), normalized to max activity of CK18AC. Significance was assessed by the extra sum-of-squares F test (n = 4, mean + SD). (D) Quantification
of endpoint (200 pM) in panel C. Ordinary one-way ANOVA, *P < 0.05 (n = 4, mean + SD). (E) Representative western blot of purified CK1581 autophosphorylation
detected with phospho-Serine, Valine, Valine (pSVV) ab (n = 3). (F) Representative western blot of myc-CK181 or myc-CK181 S3A (S406/5407/S411A) phosphorylation
in cells treated with calyculin A (n = 3). (G) Representative western blot of CK181 phosphorylation in cells treated with Cal A and PF 670 (n = 3).
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by deleting the XCT region with the A400 truncation or mutation
of the three 81-specific phosphosites. These biochemical findings
translate in cells, where mutation of the 81-specific phosphosites
increases kinase activity and affects the period of the cell’s circadian
thythm. Our study defines isoform-specific mechanisms of CK18
regulation and demonstrates a conserved mechanism of kinase
inhibition by phosphorylated substrates.

Results

CK10 Isoforms 81 and 62 Have Different Kinase Activity In Vitro.
The alternatively spliced CK18 isoforms, 81 and 82, differ only
in the last 16 amino acids of the C-terminal tail (Fig. 14). We
previously showed that CK181, CK182, and a related isoform,
CKle, can all catalyze the rate-limiting priming phosphorylation
of PER2 FASP, with CK182 and CKle demonstrating increased
activity compared to CK181 (27). This is biologically relevant,
as CKI1081 expression causes a shorter circadian period than
CK182 (26). The kinase domains of CK18 and CKle are highly
conserved, and though their intrinsically disordered C-terminal
tails differ, the XCT of CK182 and CKle are quite similar but
dissimilar to the XCT of CK181 (87 Appendix, Fig. S1A). This
suggested that the differences in biological activity we observed in
cells might be due to their XCT; consistent with this, truncation
of the XCT of CK181 (A400) eliminated its isoform-specific
decrease in activity (27).

To determine whether isoform-specific differences in activity
are intrinsic to the kinase, we established a pipeline to purify
dephosphorylated full-length recombinant proteins (Fig. 1B). To
demonstrate the effect of tail phosphorylation on CK181, we first
pretreated full-length dephosphorylated CK181 with adenosine
triphosphate (ATP) to induce autophosphorylation and then meas-
ured its activity on the PER2 FASP priming site. As expected,
pretreatment of the kinase with ATP before the substrate was
added significantly reduced FASP priming phosphorylation com-
pared to untreated CK181 (S7 Appendix, Fig. S1B). We then used
in vitro kinase assays to measure the activity of the two CK19
isoforms compared to the A400 truncation and the fully active,
tail-less CK18AC. Activity was measured on a S665A mutant of
the human PER2 FASP residues 645 to 687 fused to GST (Fig. 1C
and S/ Appendix, Fig. S1C). The S665A mutation only allows for
phosphorylation of the rate-limiting priming serine at S662 (20).
Although differences in activity were modest, the activity of
CK181 on the PER2 FASP was significantly lower than CK182
(Fig. 1 C and D) and consistent with observed biological differ-
ences between CK181 and CK182 (26, 27). Truncation of the
XCT or the entire tail also gave rise to activity that was similar to
CK182, recapitulating differences in the activity we observed in
cells (27) and suggesting that CK181 has increased autoinhibition.
Tracking autophosphorylation with kinase assays (S Appendix,
Fig. S1 Cand D) and Coomassie gel shift (S/ Appendix, Fig. S1 G
and H) showed that relative to the full-length proteins, the isolated
kinase domain showed minimal autophosphorylation, and the 81
kinase was significantly less phosphorylated than 82 or A400,
despite having more serines (SI Appendix, Fig. S1 D and H). These
differences point to a potential regulatory role for the CK181 XCT.

Regulation of XCT Autophosphorylation by Phosphatases in
Cells. To test whether any of the XCT phosphorylation sites are
indeed autophosphorylated in cells, we used an antibody that
specifically recognizes a phosphorylated serine in the sequence
SVV (pSVV antibody) that corresponds to S411 of CK1381
(81 Appendix, Fig. S1 I and J). This antibody detected robust
autophosphorylation of purified full-length CK181 (Fig. 1E).

PNAS 2024 Vol.121 No.41 2415567121

We then assessed phosphorylation of the XCT region in cells
expressing myc-tagged CK181. Phosphorylation of the CK189 tail
is regulated in vivo by an active cycle of autophosphorylation
and dephosphorylation (7). Consistent with this, accumulation of
S411 phosphorylation was only detected when cells were treated
with calyculin A, a broad-spectrum inhibitor of cellular Ser/Thr
phosphatases, revealing reversible phosphorylation of CK181
S411 in cells (Fig. 1F). This is also consistent with reports of
CK181 phosphorylation at residues S406, S407, and S411 from
large-scale phosphoproteomics screens (28, 29). Phosphorylation
of CK181 S411 in cells was blocked by addition of the CK18/e-
specific inhibitor PF6700462 (PF670) (Fig. 1G), indicating that
it is primarily due to autophosphorylation. These data establish
that S411 in the XCT of CK181 is autophosphorylated in cells
in a reversible and dynamic manner.

Our in vitro results clearly indicate that the length and phospho-
rylation status of CK18 isoforms influence their kinase activity.
Moreover, the finding of autophosphorylation and phosphatase-
mediated dephosphorylation of the XCT region in cells demon-
strates the potential for dynamic regulation of CK181 activity
in vivo. Multiple studies have reported regulation of CK18 kinase
activity from structural and biochemical perspectives, including
examining the role of autophosphorylation of the tail region
(12,20-22, 26, 27, 30). These studies have not addressed how the
recently described splice isoforms of CK18 can regulate its kinase
activity. Accordingly, we next employed NMR and HDX-MS to
develop mechanistic insights into this process.

Differences in Regulation of the 61 and 82 Tails by the Kinase
Domain. Possible phosphorylation sites in the tail have been
mapped on full-length CK181 in vitro (3) and in cells (31), where
a nonphosphorylatable (NP) mutant substituting all 28 serines
and threonines in the tail to alanine eliminated its electrophoretic
mobility shift and regulation by cellular protein phosphatases
(6). However, these studies did not unambiguously identify
functionally important phosphorylation sites or regions required for
autoinhibition. The 81 tail is 125 amino acids long and predicted
to be intrinsically disordered, and no part of it was captured in a
crystal structure of the full-length kinase (32). Therefore, we turned
to NMR spectroscopy to monitor backbone chemical shifts on the
"N 81 tail alone or in the presence of equimolar amounts of the
unlabeled kinase domain to better understand potential regulatory
mechanisms. The ’N-"H heteronuclear single quantum coherence
(HSQC) spectrum of the isolated 5N 81 tail exhibited limited
chemical shift dispersion consistent with an intrinsically disordered
protein, and addition of the kinase domain in the absence of ATP
resulted in very minor chemical shift perturbations (Fig. 2 A, Lefi),
indicating that the tail and kinase domain did not interact in rans
at these concentrations. However, incubation of the same sample
with ATP for 2 h at 25 °C resulted in chemical shift perturbations
in the "N 81 tail backbone, as well as several new peaks downfield
that correspond to phosphorylated residues (Fig. 2 A, Righs),
demonstrating that the kinase can phosphorylate its tail in rans.
Due to issues with peak overlap in the ""N-"H HSQC spectra,
we turned to ’C-direct detection experiments, using BN-BC
CON spectra that provide better resolution of the protein back-
bone in disordered proteins (33). Addition of unlabeled kinase to
the °C,"N 81 tail in the absence of ATP showed minimal chem-
ical shift perturbation in the tail, similar to our "N-"H HSQC
data (SI Appendix, Fig. S2A). After ATP addition, we observed
chemical shift perturbations at the same resonances as in the
HSQC (Fig. 2B), as well as some peak broadening upstream of
XCT. Shifts were localized primarily to the XCT of the 81 tail,
and to a lesser extent in a charged region from residues 305 to 320
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Fig. 2. Phosphorylation-dependent interaction of the 81 tail with the kinase domain. (4) "°N-"H HSQC spectra of 100 uM "°N 81 tail alone (black) or in the presence
of 100 uM CK18AC (blue) or 100 pM CK18AC and 2.5 mM ATP for 2 h at 25 °C (red); dashed box, peaks corresponding to phosphorylated residues. Arrows, chemical
shift perturbation with phosphorylation. (B) "°N->C CON spectra of 100 uM "3C,"*N &1 tail alone (black) or in the presence of 100 pM CK18AC and 2.5 mM ATP
for 2 h at 25 °C (red). Arrows, chemical shift perturbation of the same peaks from panel B. (C) Quantification of chemical shift perturbations (A8;4r, ppm) from
the >N-"3C CON spectrum of the 81 tail alone or after incubation with CK18AC and ATP. Dashed line, significance cutoff at 0.05 ppm; open circle, broadened

peaks; *, unassigned peaks. (D) Secondary Structure Propensity (SSP) analysis

of the 81 tail from chemical shift data. Random coil (blue), a-helix (pink), f-strand

(black). (E) Zoomed in view of CON spectra showing phosphorylation-dependent changes in the extreme C terminus and predicted a-helical region. §1 tail alone
(black), with CK18AC and ATP for 2 h at 25 °C (red), or an unquenched partial phosphorylation reaction (orange). (F) °N-"H HSQC spectra of 34 uM 51 tail alone

(black) or in segmentally labeled kinase (gray). G296, only residue broadened
in trans (red) or in cis (blue) with phosphopeak assignments. (H) "*N-edited on
time course measuring phosphorylation of '°N 81 tail S406 in trans (red) or in

that is predicted to have alpha-helical structure (Fig. 2 C-E). Peak
broadening and chemical shift perturbations indicate that the
XCT as well as some upstream residues are interacting with the
kinase domain dependent on autophosphorylation. By contrast,
PN-"H HSQC spectra of the isolated 82 tail showed chemical

40of 11 https://doi.org/10.1073/pnas.2415567121

in full-length kinase. (G) >’N-"H HSQC spectra of N &1 tail with CK15AC and ATP
e-dimension (1D) "H spectra of phosphopeaks in panel G. (/) Quantification of 1D
cis (blue) with kinase.

shift perturbations upon addition of the kinase domain alone
(SI Appendix, Fig. S2 B, Lef?) that were enhanced by the addition
of ATP (81 Appendix, Fig. S2 B, Right), suggesting that the 82 tail
interacts with the kinase domain in #7ans in a manner different
from the 81 tail. Peaks in the CON spectrum of the °C,"”N 2
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tail were significantly broadened compared to the 81 tail
(SI Appendix, Fig. S2 C and D), limiting further NMR analyses
of the 82 tail.

To determine how regulation of the 81 tail is influenced when
tethered to the kinase domain, we produced a segmentally isotop-
ically labeled full-length kinase using an unlabeled kinase domain
attached to an ""N-labeled 81 tail throu$h Sortase A-mediated
ligation (87 Appendix, Fig. S2E) (34, 35). °N-'H HSQC spectra
of the isolated "’N-labeled 81 tail and the tethered tail appeared
to be the same, aside from broadening of a single glycine (G296)
near the ligation juncture (Fig. 2F). Importantly, this suggests that
the kinase domain and tail do not interact in the unphosphorylated
state in c¢is. Addition of ATP to the tethered tail sample resulted
in chemical shifts in the ’N-labeled 81 tethered tail backbone
similar to those we observed in #rans (compare Fig. 24 and
SI Appendix, Fig. S2F), indicating that tethering did not substan-
tially alter kinase domain interaction and phosphorylation of the
tail, including activity on the XCT. To confirm this, we generated
aminimal 81 tail construct beginning at residue 376. We obtained
chemical shift assignments for the phosphopeaks that correspond
to the three phosphosites specific to the 81 tail (Fig. 2G). Phos-
phorylation of these residues in the full-length CK181 protein was
confirmed by liquid chromatography (LC)/MS-MS (S Appendix,
Fig. §2G). Using N-edited 1D 'H spectra of the phosphoserine
region (Fig. 2H), we were able to monitor the kinetics of phos-
phorylation of the 81-specific residue S406. As expected, tethering
increased the rate of phosphorylation compared to in #rans (Fig. 21)
(36). Collectively, our NMR studies revealed differences in how
the 81 and 62 tails interact with the kinase domain and demon-
strated a preference for phosphorylation of the 81-specific XCT
serines by the kinase domain.

Impact of Phosphorylated FASP and CK18 Tail on Structural
Dynamics of the Kinase. Kinase domains interact with a number
of ligands, from nucleotides and substrates to products and
inhibitors, all of which can exert changes in dynamics or structure
across the protein (37). To better understand autoinhibitory
interactions between the kinase domain and tails of different
CK1 isoforms, we turned to hydrogen—deuterium exchange mass
spectrometry (HDX-MS) to characterize the conformational
dynamics of different CK18 isoforms. HDX-MS has been a
powerful tool to provide insights into conformational dynamics
in protein kinases (38-40). We first explored the effects of
ATP or its nonhydrolyzable analogue AMPPNP binding on
the isolated kinase domain using HDX-MS. Protection against
deuterium incorporation upon binding to either nucleotide was
predominantly observed across the N-terminal lobe and active site
(SI Appendix, Fig. S3 A and D), with lower deuterium exchange
in the bound state reflecting decreased solvent accessibility and
increased H-bond formation between the nucleotide-interacting
residues. At the active site, ATP binding led to stronger protection
than AMPPNP (SI Appendix, Fig. S3B). These effects are similar
to those observed for other kinases including PKA, ERK2, IRK,
and SRC (41-44). In addition to these direct effects, the binding
of ATP and AMPPNP also elicited distal conformational changes
across the C-terminal lobe. Reduced deuterium exchange was
observed across peptides spanning the DFG motif (residues 145
to 151), the activation loop (151 to 179), and loop L-EF (208 to
218), which are all centered around the substrate-binding cleft/
groove (SI Appendix, Fig. S34). No significant protection was
detected in other regions of the C-lobe. Comparison of HDX-MS
results also revealed other intrinsic dynamics of CK18AC, wherein
peptides spanning the catalytic cleft and hinge region (residues
56 to 72) displayed bimodal isotopic distribution of mass spectra

PNAS 2024 Vol. 121
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(SI Appendix, Fig. S3C). The two populations indicate the open
and closed conformations of CKI18AC that may be important
for catalytic activity.

To validate HDX-MS as an approach to monitor inhibitory
interactions on the kinase domain, we also looked at CK18AC in
the presence of 4p-FASD, a phosphorylated inhibitory peptide
from PER2 (20). Comparing HDX data of CK18AC in the
absence and presence of 4p-FASP revealed a reduction in confor-
mational flexibility throughout the kinase domain (Fig. 34), with
the largest effects observed at peptides covering the nucleotide-
binding site (4-20), hinge region (56 to 72), activation loop (150
to 179), and substrate-binding cleft (residues 209 to 230) (Fig. 3B),
close to two conserved anion-binding sites that mediate a direct
interaction with the 4p-FASP peptide (20). Comparing the effects
of 4p-FASP binding to the HDX profile of ATP-bound CK18AC
(Fig. 3 Aand B), we found that a larger segment of the activation
loop and C-lobe had reduced solvent accessibility with 4p-FASP.
These results illustrate how a phosphorylated product interacts
with the substrate binding domain to substantially impact the
conformational flexibility of CK18.

To explore how differences in isoform phosphorylation
affect interactions within CK18, we preincubated CKI18AC,
CK18A400, CK181, and CK182 for 15 min at 25 °C with excess
AMPPNP or ATP to block or promote autophosphorylation,
respectively, and then compared deuterium exchange profiles by
HDX-MS (Fig. 3 C-F). The HDX-MS results, shown as Woods
differential plots, highlight peptides that undergo significant pro-
tection from deuterium exchange in the presence of ATP in blue,
while peptides with increased exchange are in red (Fig. 3 C~Fand
SI Appendix, Fig. S3 F-H). Similar to nucleotide alone, we
observed protection in CKI8AC in peptides covering primarily
the N-lobe and substrate-binding groove (Fig. 3Cand SI Appendix,
Fig. S3E). Similar changes in HDX profiles were observed for
CK18A400, which lacks the XCT (Fig. 3D and S/ Appendix,
Fig. S3F). Two peptides at the junction between the kinase domain
and the tail (residues 293 to 312 and 304 to 320) experienced a
small but significant increase in deuterium exchange, indicating
increased flexibility of this region upon ATP binding, although
no other significant changes were observed along the C-terminal
tail of CK18A400 (Fig. 3D and SI Appendix, Fig. S3F).

The presence of CK181 and CK182 XCTs led to different
degrees of protection upon autophosphorylation (Fig. 3 E'and F
and SI Appendix, Fig. S3 G and H). In the kinase domain, CK182
differed from CK18A400 by modestly enhancing protection of
the nucleotide-binding pocket (Fig. 3Fand S/ Appendix, Fig. S3H).
However, CK181, with its preferential phosphorylation sites in
the XCT, was strikingly different. CK181 autophosphorylation
led to a large majority of peptides (71 peptides in CK181 versus
only 32 in CK182) showing significant protection spanning the
N-lobe and the C-lobe. Peptides spanning the length of the
disordered tail on CK181 also showed significant protection, sug-
gesting solvent inaccessibility, possibly due to interdomain inter-
actions. CK182 also had many peptides in the C-terminal tail that
showed protection against deuterium exchange, albeit to a lesser
extent (Fig. 3 £ and Fand SI Appendix, Fig. S3 G and H).

To further understand changes in structural dynamics mediated
by phosphorylation, we analyzed residue-specific deuterium
exchange by analysis of overlapping peptides, represented as heat
maps for each construct (87 Appendix, Fig. S31). These provide a
comparative overview of time-dependent changes in exchange
kinetics across the protein, including the C-terminal tail, and how
truncation or splice isoforms influence this. These changes likely
reflect both orthosteric effects of nucleotide-binding, as well as
allosteric effects induced by the nucleotide and phosphorylation
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Impact of phosphorylated FASP and CK15 tail on structural dynamics of the kinase. (A) Comparison of differences in deuterium exchange of CK18AC in

the presence and absence of 4p-FASP (green) or ATP (black) after 10 min labeling with residue numbers of the peptides grouped and indicated on the x-axis.
Dashed line, significance threshold of +0.28 Da. The deuterium exchange values are tabulated in S/ Appendix, Table S1. (B) Structural representation of deuterium
exchange at 10 min with ATP [Left, PDB: 6PXO, with ATP (yellow) from PDB: 6RU6E] or 4p-FASP (Right, PDB: 8D70). (C-F) Woods differential plots showing deuterium
exchange between ATP-bound and AMPPNP-bound states of different CK15 constructs: (C) CK18AC; (D) CK18A400; (E) CK181; and (F) CK182 at 10 min labeling
time. Data are available in S/ Appendix, Table S2. Peptides showing significant protection (blue), deprotection (red), or nonsignificant (gray) deuterium exchange
based on +0.28 Da cutoff (Cl 99.0%). (€ and F) Corresponding structural representation of deuterium exchange differences at 10 min of CK181 and CK152.

of the C-terminal tail. Lower overall deuterium exchange across
CK182 suggests that the 82 tail has different conformational
dynamics and/or interactions with the kinase domain from the
81 tail, consistent with our NMR data. Furthermore, the effect
of different tail lengths on the conformational changes on the
kinase domain is clear, with increases in deuterium exchange
observed across most peptides of the kinase domain as the CK181
XCT was removed (SI Appendix, Fig. S3 J-M).

Anion-Binding Sites on the Kinase Domain Play a Role in
Autoinhibition by the 81 Tail. One defining feature of CK1 is
anion-binding sites near the active site that participate in substrate
positioning and the conformation of the activation loop (22, 32).
The phosphorylated PER2 pFASP peptide docks its phosphate
groups into these sites that span the substrate binding cleft of the
kinase, thus inhibiting kinase activity (Fig. 4 A and C) (20). We
sought to determine whether the phosphorylated XCTs utilize
these anion-binding sites to inhibit the kinase in a similar manner.
First, we tracked changes in deuterium exchange of different
kinase constructs in the presence and absence of ATP, looking
specifically at several peptides that are proximal to anion-binding
site 1 (Fig. 4B) and site 2 (Fig. 4D). For anion-binding site 1,
CK181 showed the greatest protection for all three peptides,
with the 4pFASP-bound kinase, CK182, and CK18A400
showing moderate protection compared to CK18AC (Fig. 4B).

https://doi.org/10.1073/pnas.2415567121

For anion-binding site 2, CK1681 and the 4pFASP-bound kinase
showed greater protection than the others (Fig. 4D).

To determine whether these sites play a role in inhibition by the
tails, we looked at the effect of a single, well-characterized point
mutation at each anion-binding site (22) on the ability of CK181
or CK182 to phosphorylate the PER2 FASP priming serine. Notably,
these anion-binding site mutations eliminated inhibition by the
phosphorylated PER2 FASP region (20). The K224D mutation
impaired phosphorylation by CK162 and CK18AC, which we
attribute to impaired substrate positioning based on prior work (22).
Remarkably, the same mutant in CK181 had no decrease in FASP
priming (Fig. 4F and SI Appendix, Fig. S4 A and B). Likewise, dis-
ruption of site 2 (R127E) had a similar isoform-specific effect on
autoinhibition (Fig. 4Fand SI Appendix, Fig. S4 Cand D), although
the effect was more modest than for site 1. We propose that the
impaired substrate positioning caused by mutation of the
anion-binding sites is counterbalanced by relief of autoinhibition in
CK181, perhaps due to reduced XCT binding at the mutated
anion-binding sites.

To show the direct interaction of the phosphorylated XCT with
the anion-binding sites, we generated a CK181 construct with a
minimal tail attached to the kinase domain that we called CK18-D1
tether (Fig. 4G). Kinase assays comparing CK181, CK18AC, and
CK18-D1 tether on PER2 FASP S665A show the tethered tail
retains moderate inhibition (S/ Appendix, Fig. S4 E and F). We then
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polar contacts (yellow dashed lines).

solved a crystal structure of the autophosphorylated CK18-D1
tether, observing density for a phosphorylated serine docked into
anion site 1. There was poor density for the sidechains of surround-
ing residues on the peptide, impeding the identification of the exact
phosphor-serine(s) bound (Fig. 4H). This shows that the XCT
directly interacts with anion site 1 in a similar manner to the inhib-
itory 4p-FASP (Fig. 4 A and H), demonstrating a conserved mech-
anism of inhibition.

Isoform-Specific Sequences of CK18 Differentially Inhibit
the Kinase Domain. Prior studies have shown that at least two
substrates phosphorylated by CK1, the PER2 FASP region and
the phosphorylation activation domain (PAD) of p63, inhibit
kinase activity by-product inhibition (20, 21). To test whether
this model holds for CKI18 tail autoinhibition, we added
different phosphorylated 81 or 82 peptides to the kinase in #rans
(SI Appendix, Fig. S5B). To look at their effect on kinase activity,
we used adenosine diphosphate (ADP)-Glo assays with two PER2
substrates, the FASP and the Degron, measuring activity with
increasing phosphopeptide. For both substrates, inhibition by the
81 peptides relied more on phosphorylation of the XCT, and the
phosphorylated 81 peptides were generally more potent inhibitors
than the 82 peptides, although there were some minor differences
between the two substrates (Fig. 54 and SI Appendix, Fig. S5A4).

We extended these findings to full-length CK181 and tested
whether the 81-specific phosphosites are necessary for inhibition
in the full-length protein in vitro. We mutated the three unique
phosphosites in 81 to alanines (S3A: S406A/S407A/S411A) and
compared the activity to wild-type CK181 on the PER2 FASP
S665A substrate (Fig. 5B and SI Appendix, Fig. S5C). Consistent
with the D1-A peptide data, the CK181 S3A mutant showed a
modest but significant increase in activity compared to CK161
(Fig. 5 B and C), demonstrating that phosphorylation of the
extreme C terminus is important for autoinhibition of CK181.
Coomassie gel shift assays also showed that CK181 S3A shows a
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higher rate of autophosphorylation (Fig. 5D and SI Appendix,
Fig. S5D), indicating the XCT also inhibits upstream autophos-
phorylation of other sites on the tail.

We next tested whether the S3A mutant altered the interaction
and dynamics of the tail with the kinase domain as assessed by
HDX-MS. Strikingly, we found a large decrease in protected pep-
tides in CK181 S3A relative to the wild-type enzyme (from 71 to
19, Fig. 5E and SI Appendix, Fig. S5E), spanning both the kinase
domain and the C-terminal tail. The protection of the kinase
domain by CK181 S3A most closely resembled the HDX-MS
behavior for CK18AC (Fig. 3C), suggesting a near-total loss of
tail-kinase interaction in the mutant. Hence, phosphorylation of
three serines in the CK181 XCT is likely to be a prerequisite for
the interaction of the C-terminal tail with the kinase domain.

These findings led us to examine how the CK181 S3A mutation
affected PER2 FASP phosphorylation and circadian rhythms in
cells. Deletion of the C-terminal tail of CK181 (CK18AC) or its
S3A mutation markedly increased FASP priming site phospho-
rylation in full-length PER2 in cells (Fig. 5 Fand G). To test how
the S3A mutations influence circadian rhythms, we created
PER2:LUC U20S cell lines with stable overexpression of
Flag-tagged CK181 or the S3A mutant (S Appendix, Fig. S5F).
Expression of CK181 S3A shortened the period by ~3 h relative
to cells expressing CK181 WT (Fig. 5 H and /), consistent with
its overall increase in kinase activity. These results demonstrate
that phosphorylation of the three CK181-specific serines in the
XCT is important for regulation of kinase activity in cells, where
it contributes to period determination.

Discussion

CK13 has been considered a constitutively active kinase because it
does not require activation loop phosphorylation to take on an active
conformation. Instead, it relies on autophosphorylation of its
C-terminal tail and/or feedback inhibition from phosphorylation
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ANOVA, ****p < 0,0001. (n = 6, mean + SD).

of its substrates to regulate kinase activity (3, 4, 20). While we are
beginning to understand mechanisms of feedback inhibition
(20, 21), the extent of intrinsic disorder and phosphorylation
throughout the tail have impeded a mechanistic understanding
of autoinhibition. Changes in circadian rhythms with two iso-
forms of CK18 that differ only in the extreme C terminus of the
tail demonstrate unambiguously that the tails have an important
role in vivo (26, 27). However, it was not clear from these studies
whether isoform-specific differences in activity were due to regu-
lation of the tail by other kinases or whether they were intrinsic
to CK18. Here, we show that CK18 isoforms have inherent dif-
ferences in activity arising from interactions of the kinase domain
and its disordered tail that are specified by isoform-specific differ-
ences in autophosphorylation of the XCT. These differences
explain the changes in period seen in the different CK13 splice
variants.

NMR spectroscopy allowed us to track site-specific autophos-
phorylation of the CK18 disordered tails. We found that the three

https://doi.org/10.1073/pnas.2415567121

serines of the 81-specific XCT are preferentially phosphorylated
over other sites in the tail, whether the tail is phosphorylated by
the kinase in #rans or covalently linked to the kinase domain in
cis. Chemical shift perturbations provided strong evidence for
phosphorylation-independent effects of the kinase domain on the
82 tail, although further analysis of the 82 tail by NMR was
limited due to extensive peak broadening in the absence of the
kinase domain. This behavior is consistent with potential “fuzzy”
intramolecular interactions within the 82 tail, which may exhibit
multiple transient conformations, as has been shown for other
intrinsically disordered proteins (45, 46). Isoform-specific differ-
ences in the dynamics of the disordered tails could contribute to
the decreased autoinhibition we observed with CK182. Due to
the sequence similarity of the XCT between CK182 and CKle,
the differences in tail dynamics we observed here could extend to
CKle. Furthermore, the presence of disordered N- or C-terminal
tails in CK18 orthologs of other species also suggests that this
could be a conserved mechanism of autoinhibition.
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The phosphorylated PER2 FASP substrate inhibits CK18
through interaction with conserved anion-binding sites that flank
the substrate binding cleft to regulate circadian rhythms (20).
HDX-MS analysis of the kinase domain bound to the inhibitory
4p-FASP phosphopeptide showed increased protection from deu-
terium exchange near these sites, confirming that our HDX-MS
pipeline could map inhibitory interactions on the kinase domain.
Of the two CK18 isoforms, CK181 showed the greatest deuterium
protection across the kinase domain, including at sites protected
by the 4p-FASP peptide. Protection in the kinase domain was
moderately reduced in CK182 and essentially eliminated by trun-
cation of the XCT or the S3A mutant that eliminated phosphosites
unique to 81, indicating that phosphorylation of the XCT plays
a crucial role in autoinhibition by CK181. We also observed sig-
nificant protection of the intrinsically disordered tail upon auto-
phosphorylation of both CK181 and CK182 that was eliminated
with truncation of the isoform-specific sequences. This suggests
that both tails make extensive contact with the kinase domain,
although we don’t yet understand the specific details of these inter-
actions. One recent study looked at autoinhibitory interactions
of CK181 in the context of kinase activity on p63, finding no
requirement for any specific phosphorylation sites (47), while
another demonstrated that different modes of autoinhibition by
CK158 and € isoforms influence substrate specificity (30), perhaps
by targeting different sites on the kinase. Although our crystal
structure of the tethered 81 XCT revealed a key role for site 1 in
kinase binding, we were unable to resolve which phosphor-serine(s)
of the 81 XCT were bound.

Based on our results, we propose that autophosphorylation of the
CK19 tail in its XCT facilitates its interaction with the kinase
domain to inhibit kinase activity. Here, we examined the effect of
CK18 autophosphorylation on PER2 substrates involved in a phos-
phoswitch that controls its stability and the period of circadian
thythms in mammals, including humans (12, 13). The phos-
phoswitch alone does not fully explain the difference in period
displayed by overexpression of CK181 WT and the S3A mutang
however, recent reports identified a role for CRY-PER-CK18 com-
plexes in phosphorylating the CLOCK subunit of the circadian
transcription factor CLOCK:BMALI to suppress transcriptional
activation of target genes by displacing the complex from DNA
(15, 48, 49). Therefore, regulation of CK18 activity by isoform-
specific tails could have several roles in regulating circadian rhyth-
micity, not only through modulating the stability of PER2 but also
by instigating transcriptional repression through promoting the
release of CLOCK:BMALLI from DNA. CK1 isoforms also have
major roles in other pathways, such as apoptotic signaling (50, 51),
Wnt signaling (52-54), and the cell cycle, where it is overexpressed
in several cancers (55, 56). Interestingly, CK1 autophosphorylation
is stabilized in a cell cycle-dependent manner (57), suggesting that
understanding its regulatory mechanisms could begin to build a
deeper understanding of this enigmatic kinase.

Resource Availability

Materials and Methods. Details on protein expression and purification; peptide
synthesis; in vitro kinase assays; enzyme-linked immunosorbent assay; gener-
ation of cell lines; NMR analysis; and HDX-MS sample preparation and analysis
can be found in S/ Appendix.

y°2P-ATP kinase assay. Reaction mixtures were prepared with 1 uM enzyme
and 0 to 200 uM dilutions of the substrate as indicated at 25 °C. Reactions were
initiated with the addition of 2 mM ATP containing 2 pCi of y-32p ATP (Perkin
Elmer). All reactions were quenched after an incubation time of 1 h. Sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was performed
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on samples for each reaction, and the gels were dried before being transferred
to a storage phosphor screen (Amersham Biosciences) overnight. Images were
collected with Typhoon Trio (Amersham Biosciences), and data were analyzed
by densitometry using Image J (NIH), Excel (Microsoft), and Prism (GraphPad).
Crystallization and structure determination. Crystallization was performed by
the hanging-drop vapor-diffusion method at 22 °C by mixing an equal volume
of protein with reservoir solution. The reservoir solution for CK18-D1 tether (5.5
mg/mL)was 0.2 mM succinicacid pH 5.5 and 17% (vol/vol) polyethylene glycol
3350. The crystals were looped and briefly soaked in a drop of cryopreservant
reservoir solution with 20% (vol/vol) glycerol and then flash-frozen in liquid
nitrogen for X-ray diffraction data collection. Datasets were collected at the
23-ID-D beamline at the Advanced Photon Source at the Argonne National
Laboratory. Data were indexed, integrated, and merged using CCP4 software
suite (58). Structures were determined by molecular replacement with Phaser
MR (59) using anion-free CK18 AC (PDB: 6PX0). Model building was performed
with Coot (60) and structure refinement was performed with PHENIX (61). All
structural models were generated using PyMOL Molecular Graphics System 2.5.4
(Schrodinger).

Western Blotting. Either purified protein samples or whole cell extracts of
transfected HEK293 cells lysed with cell lysis buffer [50 mM Tris-HCI pH 8.0,
150 mM NaCl, 1% Nonidet P-40, and 0.5% deoxycholic acid containing Complete
protease inhibitors (Roche) and PhosStop phosphatase inhibitors (Roche)] were
analyzed by denaturing SDS-PAGE gel, which was transferred on polyvinylidene
difluoride membrane (Immobilon, Millipore). Blot was further probed using
indicated primary antibodies and appropriate secondary antibodies conjugated
with HRP. Signal was detected with enhanced chemiluminescence reagents
from Thermo Fisher Scientific. Densitometric analysis of western blot bands was
performed using ImageJ software (NIH). The ratio of pS659 to myc-PER2 was
calculated, and values are expressed in Fig. 5G.
NMR spectroscopy data acquisition. NMR spectra were collected on a Varian
INOVA 600 MHz or a Bruker 800 MHz spectrometer equipped with a 'H, "*C, *N
triple resonance z-axis pulsed-field-gradient cryoprobe. NMR kinase reactions
were performed at 25 °C with 100 uM ™C,”N CK181 tail or CK152 tail, 2.5 mM
ATP, and 100 uM CK18 AC. Samples were incubated for 2 h and quenched with
20 mM ethylenediaminetetraacetic acid (EDTA), then "H-"N HSQC spectra (total
data acquisition = 20 min) and *C-"N CON spectra (total acquisition time = 9
h 32 min) were collected. The incubation time to reach saturation of the kinase
reaction with CK187 short tail was determined by collecting a series of "H-""N
HSQC spectra (53 20-min spectra for a total acquisition time = 1,060 min) of
100 uM "*C, "N CK187 short tail, 2.5 mM ATP, and 100 uM CK18 AC at 25 °C.
For phosphopeak assi%nments, the CK1871 short tail kinase reaction was then per-
formed with 100 uM "C,”*N CK181 short tail, 2.5 mM ATP, and 100 uM CK18 AC
incubated overnight at 25 °Cand quenched with 20 mM EDTA; then, 'H-""N HSQC
spectra (total data acquisition = 20 min), *C-">N CON spectra (total acquisition
time = 9 h 32 min), and triple-resonance experiments were collected.
Segmentally labeled NMR kinase reactions were performed at 25 °Cwith 34 uM
CK18 AC*-""NCK151and 2.5 mMATP.Samples were prepared as described above,
and then "H-"N HSQC spectra (total data acquisition = 2 h) were collected. For
the phosphorg/lation kinetic assays, reactions were performed at 25 °C with 34 uM
CK18 AC*-">N CK151 tail, or 34 uM CK15 AC* and 34 uM N CK181 tail in
trans, and then, "N-edited 1D "H spectra were collected (224 data points at
6 min per spectrum for a total data acquisition = 1,344 min)immediately after the
addition of 2.5 mM ATP. Spectra were processed using MestreNova (MestreLab),
and data analysis was performed using Excel (Microsoft) and Prism (GraphPad).
Hydrogen-deuterium exchange mass spectrometry data acquisition.
For nanoLC-MS/MS analyses, each quenched sample was subjected to in-line pro-
teolysis using the Enzymate™ immobilized pepsin cartridge (Waters, USA). The
digestion was left to proceed for 3 min at 12 °C, and the resulting peptide mixtures
were analyzed with nanoACQUITY M-class UPLC (Waters, UK) equipped with a
trapping column (VanGuard C18, 5 pym particle size) and an analytical column
(ethylene bridged hybrid C18, 75 um x 100 mm, 1.7 ym particle size) main-
tained at 3 °C to minimize back-exchange (62). The aqueous solvent was 0.1%
formic acid in LC-MS grade water, and the organic solvent was 0.1% formic acid
in HPLC-grade acetonitrile. A 10-min gradient was used to resolve and elute the
peptides by reverse-phase chromatography. The peptides were then identified
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by the Synapt G2-Si high-resolution mass spectrometer (Waters, UK). Briefly, the
mass spectrometer was operated in positive polarity, data-independent fragmenta-
tion, and ion-mobility (high-definition mass spectrometry®) mode separation. Mass
spectrometer parameters were as described previously (63). Glu-fibrinopeptide
reference (m/z = 785.8426) was continuously sprayed every 30 s during ESI-MS
experiments using the lockspray device to ensure mass accuracy.

Materials availability. Plasmids generated in this study are available upon
request.

Experimental Model and Subject Details.

Cell lines.
e The HEK293T cell line was purchased from ATCC (#CRL-3216).
e U20S PER2::LUC cell line was a gift from John O'Neill (MRC LMB, UK).

Data, Materials, and Software Availability. NMR chemical shift assignments
for the human CK1 81 tail; Coordinates for the CK181-D1 tether structure data
have been deposited in BMRB and PDB (52349 (64), 52375 (65),and 9B3S (66)).
Some study data are available. Plasmids generated in this study are available
upon request.
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