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SUMMARY

Genetics has been a powerful approach in studying the circadian clock, uncovering the first gene Period (Per) 

as a key regulator. Human mutation in serine 662 (S662) was found in 2001 to cause familial advanced sleep 

phase (FASP) syndrome with phase advancement and period shortening. We found S662 phosphorylation by 

casein kinase 1 (CK1) δ and ε, testis-specific serine kinase (TSSK) 1 and 2, and salt inducible kinase (SIK) 1–3, 

but no phase advancement phenotype after genetic deletion of any of these seven genes. Our biochemical 

purification revealed microtubule affinity regulating kinase 2 (MARK2) in phosphorylating S662, binding to 

and stabilizing PER2. Circadian period was shortened in Mark2-deficient cells in an S662-dependent manner. 

Neuronal specific Mark2 knockout mice showed phase advancement and period shortening. We have 

discovered MARK2 as a physiologically significant regulator of the clock, and shown the effectiveness of 

biochemical purification in mechanistic studies of behaviors.

SIGNIFICANCE The circadian clock regulates daily rhythms in physiology and behavior, and its disruption is 

associated with sleep disorders and other health problems. PERIOD2 (PER2) is a core molecular regulator of 

the circadian clock and a human mutation was discovered in 2001 in the PER2 gene changing the serine 662 

to glycine (S662G) residue in PER2 protein causes familial advanced sleep phase (FASP) syndrome with 

phase advancement and period shortening. This mutation abolishes the phosphorylation of S662, a modifi

cation that acts as a molecular switch to stabilize PER2 and prolong circadian period. There has been much 

interests in identifying kinases phosphorylating S662 over the past quarter century. Here, after biochemical 

purification, we identified microtubule affinity-regulating kinase 2 (MARK2), an AMPK-related kinase (ARK), 

as a PER2 S662 kinase. Further examination of all 21 ARKs detected that some of them phosphorylated PER2 

S662. MARK2 directly phosphorylates PER2, binds to PER2 and delays its degradation through S662 phos

phorylation. Genetic deletion of MARK2 gene from cultured human cells led to shortened circadian rhythm, 

and this phenotype was dependent on PER2 S662. Specific deletion of the MARK2 gene from neurons in the 

mouse brain caused phase advancement and period shortening. Our work not only identifies MARK2 as a 

physiologically significant regulator of the circadian clock, but also highlights the effectiveness of biochem

ical approaches in solving physiological puzzles, and suggests possible involvement of ARKs in the clock by 

regulating phosphorylation of PER2 and other proteins. 
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INTRODUCTION

Circadian rhythm is important for basic physiology and its abnor

malities have health implications. With more than a billion cross- 

time zone travelers per year and approximately 20% of Western 

workers taking shift work,1 health problems associated with dis

turbances of the circadian rhythm are of potential concerns.2–7

The circadian clock is an intrinsic timing system driving 

the daily rhythm of multiple systems such as the sleep/wake 

cycle, immune responsiveness and metabolism.8–10 In mam

mals, the master clock resides in the hypothalamic suprachias

matic nucleus (SCN), which synchronizes circadian oscillations 

in cells throughout the body.11,12 More than 50 years ago, the 

genetic approach has made breakthroughs in our understanding 

of the molecular mechanisms of the circadian clock with discov

eries of genetic mutations affecting the clock in Drosophila,13

Neurospora,14 and Chlamydomonas.15 Since then, genetic 

studies in multiple organisms, especially Drosophila and mice, 

have established an interlocked transcription-translational 

feedback loop (TTFL) as the underlying molecular mechanisms 

of the circadian clock in animals.16–24

The first key gene found to be conserved from flies to humans 

is Period (Per).13 In mammals, the first TTFL involves the tran

scriptional activation of three period genes Per and two crypto

chrome (Cry) genes by BMAL1 and CLOCK, while PER and 

other proteins form macromolecular complexes to repress 

their transcription.19,25–36 The second TTFL involves the activa

tion of two nuclear receptor genes (Rorα/β, Rev-erbα) by Bmal1 

and Clock, while Rorα/β and Rev-erbα feedback on Bmal1 

transcription.37 More recently, a nucleotide triphosphatase 

(NTPase) has been proposed to be conserved across all eu

karyotes in circadian regulation.38

Among the core clock proteins, the PER family exhibits 

the most robust circadian oscillations in protein abundance.39–41 

After synthesis, PER2 proteins undergo progressive phos

phorylation at multiple sites to regulate their stability, repressor 

activity, and subcellular localization.33,34,36,41–46 Two key phos

phorylation clusters regulate PER2 dynamics: the S478/482 

phosphodegron (in mouse), whose phosphorylation recruits 

the E3 ubiquitin ligase β-TrCP to promote PER2 degradation, 

thereby accelerating the circadian cycle; and the FASP region 

(starting at S659 in mouse or S662 in human), a cluster of five 

serines (SxxSxxSxxSxxS), whose phosphorylation stabilizes 

PER2 and prolongs the circadian period by inhibiting phospho

degron phosphorylation.33,41–44,47–56 Phosphorylation of S662 

serves as the priming event for subsequent phosphorylation 

within the FASP region.41,51,57–59 The S662G mutation in human 

abrogates this priming phosphorylation, prevents subsequent 

FASP phosphorylation41,48,51,60 and causes familial advanced 

sleep phase syndrome with a ∼4 h shorter circadian period, a 

phenotype replicated in transgenic mice.43,48

A 2001 report presented results of human genetic studies in a 

family showing a point mutation converting serine (Ser) to 

glycine (Gly) at the 662th amino acid (aa) residue in the human 

PER2 protein (hPER2) to correlate with the familial advanced 

sleep phase syndrome (FASPS).43,61 hPER2 S662 was a 

priming site for casein kinase 1δ (CK1δ).43,51,57,58 CK1δ and 

CK1ε have been proposed to act as a critical phosphoswitch 

in PER2 phosphorylation and could phosphorylate mouse 

PER2 on at least three regions: the PER2-phosphodegron 

(S478),FASP priming sites (S659) and downstream serines 

within the FASP region.33,50–52,62 CK1δ/ε form stable com

plexes with PER2 and switch their substrate preference via 

conformational changes in their activation loop and alterations 

in the phosphorylation status of their C-terminal tail, conferring 

a switch-like behavior in regulation of PER2 phosphoryla

tion.33,34,36,56–59,63 However, when both CK1δ and CK1ε 
were knockout in HEK293 cells, the phosphorylation level of 

S662 was markedly reduced but not abolished, suggesting 

existence of additional kinases for this site.

In a long-term effort to search for kinases upstream of 

hPER2, we have tried a molecular biological and a biochemical 

approach for 14 years. Before the availability of specific anti

bodies for the phosphorylated S662 of hPER2, we co-trans

fected complementary DNAs (cDNAs) for protein kinases in 

the human kinome with hPER2, and found several kinases 

phosphorylating fragments of hPER2. After the availability of 

a monoclonal antibody (mAb) recognizing the S662 phosphor

ylated form of hPER2, we confirmed phosphorylation of PER2 

S662 by CK1 δ and ε, testis specific serine kinases (TSSKs) 1 

and 2. Of all the CK1s, only CK1δ and ε, but not CK1γ1, 2 or 

3, could phosphorylate S662 in vitro. Genetic knockout (KO) 

of CK1 δ and ε in the human D15 cell line showed phase delay, 

not advancement. The second approach was biochemical 

purification with the anti-phospho-S662-hPER2 as the monitor, 

leading to our discovery of microtubule activity regulatory 

kinases (MARKs) 2 and 3 as S662 kinases. They belong to 

the subfamily of adenosine monophosphate (AMP)-activated 

protein kinase (AMPK) related kinases (ARKs).64–76 We 

compared the in vitro activities of all ARKs and found that 

SIK 1–3, MARK 1–4, TSSK1 and 2 could phosphorylate 

PER2-S662, with MARK2 and MARK3 being the strongest. 

Genetic KO of SIKs showed no circadian phase advancement 

phenotype.77–79 We generated KO of TSSK 1 and 2 (including 

their double KO) in mice and found no circadian phase 

advancement phenotype. Thus, the circadian phenotype of 

CK1s, SIKs, and TSSKs knockout mice were not consistent 

with the circadian phenotype of human FASPS patients48 or 

PER2 S662G mutant mice43 in vivo.

Over-expression of MARK2 or 3 lengthened the period while 

KO of MARK2 but not MARK3 shortened the period in cultured 

cells, similar to S662G mutation. Further biochemical and 

genetic evidence in cultured cells support that MARK2 is both 

biochemically and physiologically upstream of hPER2-S662. 

In mice, neuronal KO of MARK2 led to phase-advancement 

and period shortening, whereas MARK3 KO, MARK3 neuronal 

specific KO and MARK4 neuronal specific KO mice exhibited 

no abnormality in circadian rhythm. Thus our long time search 

for PER2 S662 kinases has uncovered MARK2 as a kinase of 

physiological significance in clock regulation.

RESULTS

CK1 δ and ε phosphorylation of hPER2 S662 and 

circadian rhythm

Several labs have published that CK1δ and CK1ε could phos

phorylate PER2.41,48,62,80 They were once thought to phosphor

ylate S662 of PER2,46 a suggestion later rejected by the same 
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Figure 1. Biochemical purification of PER2 662 phosphorylating activities from HEK293 cells 

(A) A diagram of detection of hPER2 S662 phosphorylating activities in fractions of HEK293 cell extracts. Each fraction was incubated with 1 μg recombinant 

PER2 556-771 (rPER2 556–771) and 1 mM ATP for 1 h, followed by immunoblotting with a phospho-S662-specific antibody. 

(legend continued on next page) 
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researchers when they failed to detect direct phosphorylation 

of S662 in a peptide of 19 aa residues from PER2.43 This contra

diction was later resolved by Narasimamurthy et al. (2018), who 

confirmed direct S662 phosphorylation by CK1δ/ε.51 Recent 

structural and biochemical studies have elucidated the underly

ing mechanism: conformational switch in the CK1 activation 

loop governs substrate selectivity for the PER2 phosphoswitch, 

and phosphorylation of the PER2 FASP region in turn allosteri

cally inhibits CK1 activity, ensuring precise control of the circa

dian period.53,54,56–59

Our early efforts were carried out prior to the availability of 

antibodies recognizing human PER2 phosphorylated at 662 

(phospho-S662). We screened a cDNA library of 288 human ki

nases (Table S1) for their abilities to phosphorylate six hPER2 

fragments using Phos-tag to detect phosphorylation-induced 

gel shifts in sodium dodecyl sulfate-polyacrylamide gel electro

phoresis (SDS-PAGE).81 Co-transfection of kinase cDNAs with 

hPER2 fragments in HEK293T cells revealed several kinases 

capable of phosphorylating specific PER2 regions. Fragment 

1–200 was not phosphorylated by any of the kinases screened. 

Cyclin dependent kinase 5 (CDK5) phosphorylated fragment 

150–400. cAMP-dependent protein kinase catalytic subunit 

beta (PRKACB), cGMP-dependent protein kinase 1 (PRKG1) 

and inhibitor of nuclear factor kappa-B kinase subunit β (IKKβ) 

phosphorylated Fragment 328–556. CK1δ and CK1ε, TSSK2 

and IKKε phosphorylated fragment 556–771. The last fragment 

contains S662. To clarify whether CK1δ and CK1ε could 

phosphorylate S662 of hPER2, we first obtained a mAb against 

phospho-S662 hPER2. This antibody specifically recognized 

phosphorylated wild-type (WT) human or mouse PER2 (hPER2 

or mPER2), but not their mutants with serine to alanine (A) or 

serine to aspartic acid (D) (S662A/S662D in hPER2 or S659A/ 

S659D in mPER2) mutants (Figures S1A–S1C). Recognition 

was abolished by phosphatase treatment (Figures S1A–S1C).

Using this antibody, we confirmed that CK1δ and CK1ε 
phosphorylated hPER2 at S662 in vitro (Figures S1D–S1H). 

FLAG-tagged CK1δ (Figure S1D) or CK1ε (Figure S1E) phos

phorylated S662 of hPER2 556–771 in HEK293 cells. Transfection 

of increasing amounts of CK1δ or CK1ε plasmids increased 

phosphorylation of hPER2 at S662 (Figure S1G). Other CK1 family 

members (CK1α1, α2, γ1, γ2, γ3) were also tested either upon 

transfection of their FLAG-tagged forms into HEK cells 

(Figure S1F) or with in vitro kinase assays with immunoprecipitated 

CK1 proteins and recombinant hPER2 fragments (556–771) 

(Figure S1H). None of these CK1s phosphorylated S662 of PER2.

Because full-length CK1δ/ε are autoinhibited by C-terminal 

autophosphorylation, we expressed their truncated (1–317) var

iants in Escherichia coli (E. coli) to confirm direct phosphoryla

tion. Recombinant CK1δ 1–317 (Figures S2A, S2B, S2E, and 

S2G) and CK1ε 1–317 (Figures S2C, S2D, S2F, and S2G), 

but not other CK1s (Figures S2G and S2J), phosphorylated 

bacterially expressed hPER2 556–771 S662. The Michaelis- 

Menton constant (Km) of CK1δ on PER2-S662 321–771 was 

6.58 ± 1.71 μM (Figure S2H) and that for CK1ε was 7.38 ± 

1.61 μM (Figure S2I).

To investigate the function roles of CK1δ and CK1ε in 

regulating circadian rhythm, we first used Per2-dLuc cells (D15 

cells), a human U2OS cell line with Per2 promoter driven 

expression of luciferase (Per2::luciferase) reporting the circadian 

clock (Figure S3C).82 Genetic knockout of CK1δ (Figure S3A) or 

CK1ε (Figure S3B) in D15 cells significantly increased the length 

of circadian period (Figures S3C and S3D), consistent with a pre

vious report.35

We then used genetically targeted mice to investigate the 

physiological function of CK1δ. Neuronal specific-conditional 

knockout CK1δ mice also resulted in a lengthened circadian 

period by 0.3 h (Figures S3E and S3F). Our results (Figures S1– 

S3) are consistent with others that, although CK1δ and CK1ε 
could phosphorylate S662 in PER2 in vitro, elimination of CK1δ 
and CK1ε from human cell lines or mice caused phase length

ening.35,36,41,43,50,54,57,83–88 Furthermore, when both CK1δ 
and CK1ε were knockout in HEK293 cells (Figures S3A and 

S3B), the kinase activities for S662 was reduced, but not elimi

nated (Figures S3G and S3H), suggesting existence of additional 

kinases for this site.

TSSK 1 and 2 phosphorylation of hPER2 S662 and the 

circadian rhythm in vivo

Our initial cDNA screen also found TSSK2 as a kinase for the 

PER2 556–771 fragment. We co-transfected cDNAs encoding 

TSSK family kinases with hPER2 556–771 in HEK293T cells 

and found PER2-S662 phosphorylation by TSSK1 and TSSK2 

but not by TSSK 3, 4, or 6 (Figure S4A). Increasing concentra

tions of cDNAs for TSSK1 and TSSK2 in HEK cells led to 

increased phosphorylation of PER2-S662 (Figure S4B).

To determine the physiological relevance of Tssks in circadian 

regulation, we generated Tssk2 knockout mice (Figure S4C) and 

Tssk1-Tssk2 conditional double knockout mice (Tssk1-Tssk2flox, 

Figure S4D). Neither Tssk2 single KO (Figures S4E–S4H) nor 

neuronal Tssk1;Tssk2 double KO mice (Figures S4I–S4L) ex

hibited any circadian phenotype.

Discoveries of MARK2 and MARK3 as PER2 S662 

kinases via biochemical purification

Given the persistence of some S662 phosphorylation in CK1δ/ε 
double knockout (DKO) cells, we carried out biochemical purifi

cation of kinase(s) whose activities were monitored by the anti- 

phospho-S662 mAb (Figure 1A). We used extracts from 50 L of 

(B) Coomassie blue staining of MBP-hPER2 556-771-GFP-8His substrate purified from E. coli. rPER2 was used with the same amount for each phosphorylation assay. 

(C) Overview of the six-step chromatographic purification strategy for PER2 S662 kinase. Approximately 50L of suspension-cultured HEK cells were used as the 

starting material, and six chromatographic columns were tested with a 10% equivalent of the starting material for purification of the activity before all materials 

were used. 

(D) PER2 S662 phosphorylating activities in SP HP column. Strong PER2 S662 phosphorylating activities were detected in fractions 7 and 8, whereas CK1δ and 

CK1ε were only detected in flow-through fractions. 

(E–I) PER2 S662 phosphorylating activities from SP HP columns (fraction 7 and 8) were purified in the next five sequentially connected chromatography steps in 

the order of blue HP (E), heparin HP (F), Q HP (G), HAP (H), and Superdex 200 (I). Active fractions from each column were pooled and loaded onto the next column. 

See also Figures S1–S4 and Table S1.
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HEK293T cells (2.0–3*106 cells/mL) cultured in suspension as the 

starting material (Figure 1A), the recombinant hPER2 556–771 

purified from Escherichia coli (E. coli) as the substrate 

(Figure 1B). Six chromatographic columns (SP HP, blue HP, hep

arin HP, Q HP, HAP, and Superdex 200) were tested with a 10% 

equivalent of the starting material for purification of the activity 

before all materials were used (Figure 1C). At every step, 

hPER2-S662 phosphorylation was monitored in an aliquot from 

each fraction. Lysates with 500 mg proteins (in a concentration 

of 10 mg/mL) were fractionated by a 10 mL SP HP column and 

eluted with a gradient of NaCl. Strong PER2 S662 phosphory

lating activities were detected in fractions 7 and 8 (210– 

240 mM NaCl) while CK1δ and CK1ε were only detected in 

flow-through fractions (0 mM NaCl) (Figure 1D). Active fractions 
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Figure 2. PER2 S662 phosphorylation by 

MARK 2 and 3 

(A) Silver staining and PER2 S662 phosphorylation 

assay of the fractions from the final Superdex 200 

column. Phosphorylating activity was detected in 

fraction 11 and isolated for MS. 

(B) Six kinases were identified by MS, ranked from 

the highest to lowest Mascot scores. SRC is a 

tyrosine-protein kinase and the others are serine/ 

threonine kinases. 

(C) hPER2 S662 was phosphorylated in vitro by 

immunoprecipitated MARK 2 and 3 but not by 

GSK3β, MKNK1, SRC, or RSK2. FLAG-tagged 

kinases were expressed in HEK293 cells, immu

noprecipitated, and assayed with recombinant 

hPER2 (556–771). 

(D) rPER2 S662 were phosphorylated in vitro by 

WT MARK2 or T208E but not its T208A mutant 

immunoprecipitated from HEK cells. 

(E) MARK2 WT and its T208E mutant increased 

PER2 S662 phosphorylation levels in a dose- 

dependent manner. HEK293T cells were co- 

transfected with increasing concentrations of 

cDNAs for MARK2. After 24 h of culture, cells were 

harvested and lysed for western analysis. 

(F) Over-expression (OE) of each MARK family 

member (MARK1-4) in HEK cells increased PER2 

S662 phosphorylation. 

(G) Quantification of (F) by ImageJ (n = 3 inde

pendent biological replicates). 

(H) Individual KO of MARK genes in CK1δ/ε dou

ble-KO HEK293 cells reduced PER2 S662 phos

phorylation. 

(I) Quantification of (H) by ImageJ (n = 3 indepen

dent biological replicates). One ANOVA followed 

by Dunnett’s multiple comparisons test (G and I); 

data are presented as mean ± SEM. See also 

Figure S5.

from each column were pooled and 

loaded onto the next column: fractions 7 

to 11 (1,050–1,650 mM NaCl) from the 

Blue column (Figure 1E), fractions 9 to 

13 (270–330 mM NaCl) from the Heparin 

column (Figure 1F), fractions 4 to 7 

(120–210 mM NaCl) from the Q HP col

umn (Figure 1G), fractions 11 to 12 

(150–180 mM K2PO4) from the HAP col

umn (Figure 1H). Fractions 11 and 12 (150–180 mM K2PO4) 

from the HAP column were fractionated by Superdex 200 col

umn and eluted with a 200 mM NaCl (Figure 1I).

Fractions from the Superdex 200 column were dialyzed, 

run onto a polyacrylamide gel and silver-stained (Figure 2A). 

We excised all bands from fraction 11 in the silver-stained gel 

and analyzed their contents by mass spectroscopy (MS). We 

detected 6 protein kinases: MARK3, MARK2, GSK-3β, 

MKNK1, SRC, and RSK2 (Figure 2B).

Phosphorylation of hPER2 S662 by MARKs and 3

We expressed each of the above kinases in HEK cells with an 

FLAG epitope fused in frame to their N termini (Figure 2C).89

Each FLAG-tagged kinase was immunoprecipitated from HEK 
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cells and tested for phosphorylation of recombinant hPER2 

556–771 purified from E. coli. While GSK-3β, MKNK1, SRC and 

RSK2 were unable to phosphorylate hPER2-S662, MARKs 2 

and 3 robustly phosphorylated hPER2-S662 (Figure 2C). If 

S662 in PER2 was mutated to A, it could not be phosphorylated 

by either MARK2 (Figure 2D) or MARK3 (Figure S5A).

MARK2 and MARK3 are activated by phosphorylation of 

a conserved threonine residue within their activation loop 

(T208 in MARK2, T211 in MARK3). If threonine 208 (T208) in 

MARK2 (Figure 2D) or T211 in MARK3 (Figure S5A) was 

mutated to A, PER2-S662 could not be phosphorylated by 

the mutated kinase. T208 mutation to glutamate (E) of MARK2 

(Figure 2D) or T211E of MARK3 (Figure S5A) decreased 

their activities. Increasing concentrations of cDNAs for wild 

type (WT) or T208E mutant MARK2 (Figure 2E) or WT or 

T211E-MARK3 (Figure S5B) transfected into HEK cells led 

to increased phosphorylation of hPER2-S662 in HEK cells. 

Mouse MARK2 and 3 were also able to phosphorylate 

hPER2-S662 (Figures S5C and S5D).

The MARK family comprises four members (MARKs 1–4). 

Over-expression of any of the four MARKs in HEK cells 

enhanced PER2 S662 phosphorylation (Figures 2F and 2G). 

When MARK 1, 2, 3, or 4 was individually knocked-out in 

CK1δ and CK1ε double KO HEK293 cells, the phosphorylation 

of PER2 S662 was reduced by 21%, 43%, 50%, and 47%, 

respectively (Figures 2H and 2I). When all four MARKs were 

knocked-out in HEK293 cells (Figures S5E–S5H), phosphoryla

tion of hPER2-S662 was significantly reduced by 60%–67% in 

three independent KO lines (Figures S5I and S5J).

Biochemical characterization of direct PER2 

phosphorylation by MARK2 and MARK3

The experiments described above were performed with HEK 

cells. To investigate whether MARK2 and 3 directly phos

phorylate hPER2 S662, we expressed recombinant forms of 

kinases in E. coli. hPER2 S662 but not PER2 S662A or S662D 

could be phosphorylated by the T208E form of MARK2, but 

not by the WT or the T208A mutant of MARK2 (Figures 3A 

and 3B). Similar results were obtained for MARK3 T211E 

(Figures S6A and S6B). MARK2 exhibited a significantly lower 

Km for the PER2 fragment (6.54 ± 2.06 μM) (Figure 3C) than 

MARK3 (23.04 ± 5.99 μM) (Figure S6C). This difference was 

later explained by our subsequent result that a specific bind

ing between MARK2 and the PER2 498–556 region, which 

was absent in MARK3 (Figures 5A and 5D). Furthermore, 

Recombinant mouse MARK2 T208E (Figure 3D) and MARK3 

T211E (Figure S6D) also phosphorylated mPER2 S659 but 

not S659A or S659D mutant. Together, these results have 

demonstrated that active forms of recombinant MARK2 and 

three directly phosphorylate PER2 at S662.

Our observations that MARK2 T208E mutant and MARK3 

T211E mutant were active but their WT forms were not sug

gested that the WT forms required phosphorylation in mamma

lian cells, which was absent in E. coli. MARKs belong to the 

AMPK-Related Kinase (ARK) family, whose members could be 

activated by the kinase LKB1 or members of the STE20 fam

ily.76,90 We therefore tested MAP4K7, a member of the STE20 

subfamily of kinases. We used recombinant MAP4K7 to treat 

WT MARK2 or MARK3 purified from E. coli, they were indeed 
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Figure 3. Direct phosphorylation of PER2 

S662 by recombinant MARK2 

All experiments in this figure were performed 

with recombinant proteins expressed in E. coli. 

The hPER2 (rPER2 WT, S662A, S662D) and 

mouse (r-mPER2 WT, S659A, S659D) sub

strates comprise residues 556–771. rMARK2 

was a recombinant human MARK2 protein ex

pressed in E. coli. rMAP4K7 was recombinant 

human MAP4K7 (1–500 aa). 

(A and B) Recombinant MARK2 T208E, but 

not WT or T208A, directly phosphorylated 

hPER2 at S662, but not the S662A or S662D 

mutants. 

(C) Km of recombinant MARK2 T208E on 

PER2. About 0.2 μg rMARK2 T208E was incu

bated with the recombinant rPER2 321–771 of 

different concentrations at 37◦C for 30 min. 

Western blots were quantified by the ImageJ 

(n = 3 independent biological replicates) and Km 

was calculated by the GraphPad software. Data 

are presented as mean ± SEM. 

(D) Recombinant mouse MARK2 T208E phos

phorylated mouse PER2 at S659. 

(E) Recombinant WT MARK 2 or 3, pre-activated 

by rMAP4K7, could phosphorylate recombinant 

hPER2 S662. MAP4K7 is an upstream kinase 

for the MARKs. Recombinant MARKs purified 

from E. coli were incubated with MAP4K7 for 

1 h before being tested for their activities on 

recombinant hPER2. MARK2/3 activation was confirmed by detecting phosphorylation of the MARK activation loop with an anti-phospho-MARK2/3 

antibody. 

(F) MAP4K7 pre-treatment activated recombinant mouse MARK2 and MARK3 to phosphorylate mPER2 S659. See also Figure S6.
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Figure 4. Phosphorylation of PER2 S662 by AMPK-related kinases (ARKs) 

(A–D) Full-length forms of ARKs and CK1-related kinases tagged with the FLAG epitope were individually expressed in HEK293 cells and immunoprecipitated. 

Each was tested for activities on recombinant hPER2 556–771 (rPER2). SIK3 was used in all images as a reference of signal strength. 

(legend continued on next page) 
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phosphorylated in the active loop (Figure 3E). Furthermore, 

MAP4K7 pretreated MARK2 and MARK3 could phos

phorylate PER2-S662 (Figure 3E). Similarly, pretreatment with 

MAP4K7 also activated recombinant mouse MARK 2 or 3 puri

fied from E. coli, making them able to phosphorylate mPER2- 

S659 (Figure 3F). These results demonstrate that MARKs are 

direct PER2 S662 kinases and that MARKs can be activated 

by upstream kinases such as those in the STE20 subfamily,76,90

and suggest that it will be interesting to study regulation of 

MARKs in vivo.

In vitro phosphorylation of hPER2-S662 by ARKs

MARKs and TSSKs are members of the ARK family,64–71 which 

we have recently characterized.76,90 The salt-inducible kinases 

(SIK 1 and 3) are also ARK members, known to be regulators 

of circadian behavior: Sik1 knockdown in the SCN resulted in a 

rapid phase shift of the circadian rhythm, resistance to jet 

lag,91 while SIK3 promotes the destabilization of PER2, and its 

knockout lengthened the circadian period.77

We tested all ARKs for their activities on hPER2-S662 phos

phorylation (Figure 4), with both ARKs immunoprecipitated from 

HEK cells (Figures 4A–4D and 4J) and ARKs purified from E. coli 

(Figures 4E–4H, 4J, and S7–S9). ARKs immunoprecipitated from 

HEK cells were full length WT proteins with the FLAG tag 

(Figures 4A–4D and 4J), while ARKs purified from E. coli were 

either full-length or truncated proteins containing the kinase 

domain, in either the WT form or with a phosphorylation-site mu

tation (T to E) in the activation loop (Figures 4E–4H, 4J, and S7). 

Recombinant WT ARKs from E. coli were pre-treated with 

MAP4K7 (Figures 4G and 4H) before being assayed for their ki

nase activities on hPER2 S662. SIK 1–3, MARK 1–4, TSSK1, 2 

and 4, and NIM1K phosphorylated PER2-S662 (Figures 4A–4J), 

while MARK2, TSSK4 and MARK3 were the strongest. TSSK4 

phosphorylated PER2-S662 only when immunoprecipitated 

from HEK cells, but not purified from E. coli (Figure 4J). Notablly, 

full-length CK1δ/ε had modest activities, whereas the truncated 

CK1δ/ε (1–317) variants were highly active after removal of their 

autoinhibitory C-terminal tails (Figures 4C and 4I).

PER2-S662 could not be phosphorylated by the following 

ARKs, whether they were immunoprecipitated from HEK cells 

or purified from E. coli: BRSK 1 or 2, AMPK 1 or 2, NUAK 1 or 

2, MELK, SNRK, TSSK 3 or 6 (Figure 4J). PER2-S662 could be 

phosphorylated by TSSK4, only when it was immunoprecipitated 

from HEK cells but not from E. coli (Figure 4J).

MARK2 binding to, and stabilization of, PER2 in an 

S662-dependent manner

We examined potential interactions between MARKs and hPER2 

using co-immunoprecipitation assays with an anti-FLAG anti

body beads (Figure 5). MARK2, but not MARK3, specifically in

teracted with full-length PER2 (Figure 5A), which was confirmed 

reciprocally when FLAG-MARK2 and HA-PER2 were co-immu

noprecipitated (Figure 5B).

To dissect domains in PER2 required for its interaction with 

MARK2, we separated hPER2 into four fragments (1–438, 

321–557, 477–788 and 717–1,255). MARK2 interacted with 

full-length PER2, as well as fragments 321–557 and 477–788, 

but not PER2 (1–438) or PER2 (717–1,255). Further mapping 

of PER2 fragments showed that MARK2 interacted with PER2 

498–557 (Figure 5D). This interaction domain is distinct from 

the S662 phosphorylation site, suggesting possible recruitment 

of MARK2 to PER2 to facilitate S662 phosphorylation.

Phosphorylation of PER2 S662 was known to increase its 

protein stability and the S662G mutation destabilized 

PER2.41,43,46,48,51 To investigate whether MARK2 regulated 

PER2 stability, we transfected Per2 (WT or S662G mutant) 

into HEK cells individually or co-transfected them with Mark2. 

We examined PER2 stability after cyclohexamide (CHX) 

blockade of protein translation. Co-transfection of Mark2 

increased the stability of PER2 (Figures 5E and 5F), indicating 

that MARK2 regulated PER2 stability. However, Mark2 trans

fection did not affect the stability of the S662G mutant of 

PER2 (Figures 5G and 5H), indicating that MARK2 regulation 

of PER2 stability depends on S662 phosphorylation.

MARK2 regulation of cellular circadian rhythm in an 

S662-dependent manner

To investigate potential roles of MARKs in circadian regulation, 

we first over-expressed each of the four MARKs in D15 cells 

(Per2::dLuc U2OS cells). The circadian period was significantly 

lengthened if any of the four MARKs was over-expressed in 

D15 cells (Figure 6A for MARKs 2 and 3; Figures S10F–S10H 

for MARKs 1 and 4).

To investigate which Mark(s) was required for circadian regu

lation in D15 cells, we genetically targeted each of them and 

found no circadian phenotype in Mark3 (Figure 6C) or Mark1 

(Figures S10I and S10K) KO cells. Mark4 KO cells showed 

modest but significant period shortening (Figures S10J and 

S10K). Mark2 KO cells exhibited significantly shortened period 

by ∼1.13 h (Figure 6C).

To determine whether MARK2 regulates circadian period in an 

S662-dependent manner, we introduced Per2 S662G mutation 

into D15 cells (Figure S10L). The S662G mutant cells displayed 

a significantly shortened circadian period compared to WT cells 

(Figure 6E). Furthermore, while Mark2 KO shortened the period in 

WT cells (Figure 6C), it failed to do so in Per2 S662G mutant cells 

(Figure 6G),indicating that MARK2 regulates circadian period in 

an S662-dependent manner.

(E–H) FLAG tagged full-length or fragments of ARKs and CK1-related kinases were individually purified from E. coli before being assayed with recombinant PER2 

556–771. (E and F), In case where the WT forms of ARKs could not phosphorylate rPER2, recombinant ARKs with T to E mutants in their activation loops 

(Figure S7) were purified from E. coli before being tested for their activities on rPER2. Recombinant WT forms of ARKs purified from E. coli were pre-incubated 

with MAP4K7 for 1 h before being tested for their activities on recombinant hPER2. 

(I) FLAG-tagged CK1-related kinases were individually purified from E. coli and assayed with rPER2. Recombinant CK1δ and CK1ε were N-terminal truncated 

proteins with kinase domain (residue 1–317), while other CK1 family members were full-length proteins. 

(J) Summary of PER2 S662 phosphorylation by ARKs in the phylogeny tree. The ‘‘IP’’ column represents the abilities of the 22 kinases immunoprecipitated from 

HEK293 to phosphorylate PER2 S662. The ‘‘WT’’ and ‘‘E’’ columns represent the abilities of the 22 WT kinases expressed in E. coli and their mutant forms with the 

activation loop phosphorylation T site mutated to E, respectively. See also Figures S7–S9.
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Consistent with these, biochemical analyses showed 

that over-expression of MARK2 or MARK3 enhanced PER2 

S662 phosphorylation and increased PER2 protein stability 

(Figure 6B), whereas Mark2 KO reduced both (Figure 6D). 

The PER2 S662G mutant cells showed lower basal PER2 

levels than WT cells (Figure 6F). Importantly, while Mark2 KO 

reduced PER2 protein level in PER2 WT cells (Figure 6D), 

this effect was completely abolished in PER2 S662G 

mutant cells (Figure 6H). Together, these results demonstrate 

that MARK2 acts upstream of PER2 S662, regulating PER2 

stability and circadian period length in an S662-dependent 

manner.
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Figure 5. MARK2 interaction with and stabi

lization of PER2 protein 

(A and B) MARK2 interacted with PER2. HEK293 

cells were co-transfected with FLAG-tagged 

MARK2 and HA-tagged full-length PER2. Co- 

Immunoprecipitation (Co-IP) was performed by 

anti-FLAG beads (A). Reciprocally Co-IP was also 

performed using FLAG-MARK2 and HA-PER2 (B). 

(C and D) MARK2 interacted with PER2 498–557. 

HEK293 cells were co-transfected with FLAG- 

tagged MARK2 and HA-tagged PER2 truncated 

fragments, as well as the full-length PER2. Co-IP 

was performed by anti-FLAG beads. Deletion of 

498–557 from PER2 321–717 eliminated PER2 

interaction with MARK2. 

(E–H) MARK2 attenuated PER2 degradation in 

an S662 phosphorylation-dependent manner. 

HEK293 cells were transfected with PER2 WT 

(E) or S662G mutant (G) individually or co-trans

fected with MARK2 for 24 h. Transfected cells 

were treated with 200 mM cycloheximide (CHX) 

before being harvested at indicated time points. 

Western blots were quantified by the ImageJ 

software (n = 3 independent biological repli

cates), and data were analyzed by the GraphPad 

software (F and H). The degradation of PER2 WT 

was slowed down by MARK2 co-expression 

(E and F). PER2 S662G degradation was faster 

than WT PER2 and its degradation rate was 

not affected when co-expressed with MARK2 

(G and H). Two-way ANOVA by Sidak’s multiple 

comparisons (F and H), data are presented as 

mean ± SEM.

Physiological significance of Mark2 

but not Mark3 in regulating the 

circadian rhythm

To investigate physiological roles of 

MARK kinases in circadian regulation, 

we generated Mark2 and Mark3 mutants 

in mice (Figure S11). Because Mark2 KO 

mice were embryonic lethal, we gener

ated mice with conditional Mark2 KO 

(Mark2flox/flox) (Figure S11A) and crossed 

them with Nestin-Cre mice to delete 

neuronal Mark2 in the central nervous 

system (CNS). Mice were entrained to a 

12-h light/12-h dark (LD) cycle for 

14 days, followed by 21 days of constant 

darkness (DD),with locomotion continuously recorded by the 

running wheel system (Figure 7).

The circadian rhythm of Nestin-Cre; Mark2flox/flox mice 

was significantly different from that of control mice (Nestin-Cre; 

Mark2+/+): with advanced onset (Nestin-Cre; Mark2flox/flox: ZT 

12.05 ± 0.09 versus Nestin-Cre; Mark2+/+: ZT 12.37 ± 0.09, 

Figures 7A and 7C) and shortened period length (∼0.2 h, Nestin- 

Cre; Mark2flox/flox: 23.76 ± 0.02 versus Nestin-Cre; Mark2+/+: 

23.96 ± 0.03, Figures 7A and 7D). Although both Nestin-Cre; 

Mark2flox/+ and Nestin-Cre; Mark2flox/flox mice exhibited 

comparable reductions in locomotor activities (Figure 7B), 

advanced phase and shortened period were only observed in 

ll
Article 

Cell Chemical Biology 33, 379–395, March 19, 2026 387 



Figure 6. MARK2 regulation of the circadian period via PER2 S662 in a human cell line 

(A) Over-expression (OE) of MARK 2 or 3 prolonged the rhythm of D15 cells by 0.63 or 1.63 h, respectively. Stable MARK2 or MARK3 over-expression D15 cells 

were individually generated using a lentiviral system. Representative oscillatory data and rhythm changes were shown (control, n = 7; MARK2, n = 8; MARK3, n = 8 

independent biological replicates). 

(B) MARK2 or MARK3 over-expression increased PER2-S662 phosphorylation and total PER2 protein levels. Neither MARK2 nor MARK3 over-expression 

changed the phosphorylation or the total levels of ERK, JNK or GSK3β. Western blots were quantified by the ImageJ (n = 3 independent biological replicates). 

(C) KO of MARK2 but not MARK3 shortened the circadian period of D15 cells (control, n = 7; MARK2 KO: n = 6; MARK3 KO: n = 6 independent biological 

replicates). 

(D) MARK2 KO reduced both phosphorylation of PER2 S662 and total PER2 protein levels, without affecting ERK, JNK or GSK3β. Western blots were quantified 

by the ImageJ (n = 3 independent biological replicates). 

(E and F) The PER2 S662G mutation shortened circadian period to 20.01 h (control, n = 6; S662G: n = 7 independent biological replicates) and reduced PER2 

protein abundance in D15 cells. PER2 S662G mutation was introduced into D15 cells confirmed by PCR and sequencing (Figure S10L). Western blots were 

quantified by the ImageJ (n = 3 independent replicates). 

(G and H) MARK2 KO failed to shorten the circadian period (S662G: n = 8; S662G & MARK2 KO: n = 8 independent replicates) or reduce PER2 abundance (n = 3 

independent replicates) in S662G mutant cells. Western blots were quantified by the ImageJ (n = 3 independent replicates). One ANOVA followed by Dunnett’s 

multiple comparisons test (A–D); unpaired Student’s t test (E–H). Data are presented as mean ± SEM. See also Figure S10 and Table S3.
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Figure 7. Requirement of neuronal Mark2, but not Mark3, in physiological regulation of the circadian rhythm 

(A–D) Wheel-running analysis of circadian rhythms of NestinCre/+; Mark2+/+ (n = 6), NestinCre/+; Mark2+/flox (n = 6), NestinCre/+; Mark2flox/flox (n = 7) mice. Gray 

shading indicates nighttime (light off). Representative plots of running-wheel activities (A), daily wheel revolutions per 10 min in LD (B), activity onsets in LD (C), 

and period length in DD (D). 

(legend continued on next page) 
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Nestin-Cre; Mark2flox/flox mice, supporting that the circadian 

phenotype in Nestin-Cre; Mark2flox/flox mice was independent of 

locomotor activities (Figure 7C). Thus, phase-advanced and 

shortened period phenotypes in Nestin-Cre; Mark2flox/flox mice 

were confirmed.

Neither conventional nor neuronal specific Mark3 knockout 

mice (Figure S11B) showed significant alterations in activity 

onset (Figures 7G and 7K) or circadian period (Figures 7H and 

7L), despite a reduction in locomotor activities (Figures 7F 

and 7J). These results are consistent with cellular findings in 

human D15 cells and indicate that Mark3 is not involved in 

circadian regulation.

Because Mark4 KO showed a modest but significant 

period shortening in D15 cells (Figures S10J and S10K), we 

generated Mark4 conditional knockout mice (Figure S11C). 

We found that these mice exhibited normal circadian rhythm 

(Figures S11D–S11G).

In summary, results from genetically targeted mice reveal 

that only mutants for Mark2 but not Mark3 or Mark4 showed 

phenotype similar to the human FASPS,43,61 demonstrating 

that Mark2 is essential for circadian regulation in vivo.

DISCUSSION

After 24 years from the initial finding of of the PER2 S662G 

mutation in humans with the FASP syndrome,48 we have iden

tified MARK2 as a kinase that is not only able to biochemically 

phosphorylate PER2 S662 in vitro, but is also physiologically 

required for regulating the circadian rhythm in vivo in an 

S662-dependent manner. In our efforts to find the upstream 

kinases for PER2 S662, we have found seven kinases which 

could biochemically phosphorylate PER2 at S662, but their 

individual loss of function mutations in mice did not show the 

circadian phase advancement phenotype consistent with 

the S662G mutation in humans. While we cannot rule out the 

possibility of more than one kinase regulating PER2 S662 

endogenously, our approach has shown the effectiveness of 

biochemical purification in solving a physiological puzzle.

Phosphorylation of PER2 S662 by multiple kinases 

in vitro

Since the discovery of hPER2 S662G mutation in FASPS,43,61

there has been much interest in finding the kinase(s) capable of 

phosphorylating S662. Early work by others41,43,46,51,57–59,88,92

and ourselves have found that CK1δ and CK1ε act as key kinases 

phosphorylate S662. However, dual knockout of CK1δ and CK1ε 
in HEK293 cells markedly reduced, but did not abolish S662 

phosphorylation. This prompted a biochemical purification 

approach, which led to the discovery of microtubule affinity- 

regulating kinases 2 and 3 (MARK2 and MARK3) as robust S662 

kinases. They belong to the subfamily of adenosine monophos

phate (AMP)-activated protein kinase (AMPK) related kinases 

(ARKs).64–76 A subsequent comparison of the in vitro activities of 

all ARK members against PER2-S662 is summarized in 

Figure 4J, we have found that, in vitro, multiple members of 

the ARKs could phosphorylate S662 of hPER2. These include 

SIK 1, 2, and 3, MARK 1, 2, 3, and 4, TSSK 1 and 2. S662 was 

not phosphorylated in vitro by TSSK6, SNRK, MELK, AMPK 1 or 

2, NUAK 1 or 2, BRSK 1 or 2, or HUNK (Figure 4). However, 

SIK3 knockdown in mice lengthened the period,77 while KO of 

SIK 1 or 2 published previously by us,78,79 and single or double 

KO of TSSK 1 or 2 shown by us here (Figure S4) did not reveal sig

nificant circadian changes. All these apparent failures suggest 

that there are multiple kinases for S662, which may function 

redundantly for S662 phosphorylation or have opposing effects 

on other clock components in vivo.

Functional significance of MARK2 in vivo

Among the four MARK family members, over-expression of any 

of them could lead to longer period in human D15 cells (Figures 6

and S10). KO of MARK 2 or 4 shortened period in D15 cells 

(Figures 6 and S10), whereas KO of neither MARK 1 nor 3 

showed any circadian phenotype in D15 cells.

The biochemical and circadian phenotypes of MARK2 KO 

were eliminated in PER2 S662G mutant D15 cells (Figures 6G 

and 6H). These results not only support a role for MARK2 

in circadian regulation but also indicate that MARK2 functions 

upstream of hPER2 S662.

The most important result showing physiological significance 

of MARK2 came from in vivo studies with mouse mutants. 

Neuronal specific KO of Mark2 showed both advanced onset 

and shortened period length (∼0.2 h, Figures 7A–7D), whereas 

conventional and neuronal specific Mark3 KO mice and neuronal 

specific Mark4 KO mice exhibited no circadian phenotype. 

Thus, we have finally discovered Mark2 as a physiologically 

relevant kinase that regulates the circadian rhythm in an 

S662-dependent manner.

We can not rule out the possibility that multiple kinases, 

including those discovered by us here, may function redundantly 

with MARK2 in regulating PER2-S662 phosphorylation and 

circadian rhythm. It is possible that several kinases may regulate 

more than one site in PER2 and more sites in additional proteins 

involved in circadian regulation.

MARK2, PER2 phosphorylation and stability

Posttranslational modifications, especially phosphorylation, 

are important in clock regulation (Crane et al., 2014; Gallego 

et al., 2007; Mehra et al., 2009; Reischl et al., 2011). In 

Drosophila and mammals, PER proteins are phosphorylated 

and defective PER phosphorylation causes circadian 

disruption.36,40,41,43,46,48,50,51,52,56–60,62,88,93–121

Phosphorylation of different sites and different proteins 

regulate circadian rhythm differently. In the case of S662, its 

phosphorylation stabilizes PER2 protein,41,43,46 which we have 

confirmed here (Figures 5E and 5F). Furthermore, MARK2 

increased PER2 stability, an effect shown to be dependent on 

(E–H) Representative plots of running-wheel activities of Mark3+/+ (n = 8), Mark3+/− (n = 8), and Mark3− /− mice (n = 9). Mark3 KO mice showed no significant 

changes in activity onset (G) or period (H), despite reduced activity (F). 

(I–L) Wheel-running analysis of circadian rhythms of NestinCre/+; Mark3+/+ (n = 7), NestinCre/+; Mark3+/flox (n = 6), NestinCre/+; Mark3flox/flox (n = 6) mice. Neuronal- 

specific Mark3 KO mice showed no significant circadian phenotype. One-way ANOVA followed by Tukey’s multiple comparisons test (C, D, G, H, K, and L); data 

are presented as mean ± SEM. See also Figure S11 and Table S4.
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S662 because S662G PER2 could not be stabilized by MARK2 

(Figures 5G and 5H).

High-fat diet enhances PER2 phosphorylation at S662, 

whereas fasting reduces it and causes a phase advance in 

behavioral rhythms.122 Given that MARKs and other ARKs are 

activated by the upstream kinase LKB1,123–126 whose activity 

is modulated by diverse stimuli: promoted by high osmolarity 

and amyloid precursor protein (APP) accumulation, suppressed 

by short-term fasting.127,128 It will be interesting to investigate 

whether the LKB1-ARK signaling axis serves as an integrator, 

translating metabolic information into circadian timing by regu

lating PER2 S662 phosphorylation.

The biochemical approach to understanding molecular 

basis of circadian regulation

The genetic approach is powerful in molecular studies of the 

circadian rhythm. It became a standard since the discoveries 

of genetic mutants in Drosophila,13 Neurospora,14 and Chlamy

domonas.15 The genetical approach requires whole animals to 

discover genes involved in circadian regulation, which is rela

tively easy in simple animals but more difficult in mammals.

The biochemical approach is more powerful in identifying 

biochemical regulators of proteins known to be involved in circa

dian regulation, but the in vitro biochemical activities may or may 

not correlate with functional significance in vivo. The biochemical 

approach is often, though not always, closer than the genetic 

approach in reaching a mechanistic understanding. In the pre

sent case, MARK2 is upstream of PER2 by phosphorylating its 

S662 and stabilizing the PER2 protein.

In summary, we have taken a biochemical approach of protein 

purification to discover kinases capable of phosphorylation 

S662 of hPER2 and among those discovered, we have found 

that Mark2 in the mouse brain is physiologically significant in 

regulating the circadian rhythm.

Limitations of the study

Our biochemical purification approach, while effective, was con

ducted using HEK293 cell lysates, which may not fully represent 

the endogenous kinases in the SCN, the master clock. Our 

Nestin-Cre-driven knockout removed Mark2 in neurons, whereas 

the SCN consists of heterogeneous cell populations (e.g., AVP-, 

VIP-, GRP-, or CCK-expressing neurons, and glia). Cell type-spe

cific deletion within these subpopulations is required to better 

define the function of MARK2. Additionally, although CK1δ/ε is 

an established kinase for PER2 S662, it remains unclear how 

MARK2 activity is regulated by upstream signaling and whether 

it cooperates with CK1δ/ε to regulate the clock. We identified 

several other kinases (SIK1-3, TSSK1/2/4, NIM1K) that phosphor

ylated PER2 S662 in vitro. Their physiological roles and functional 

contexts in vivo remain to be studied.
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STAR★METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-PER2 pS662 Abcam Cat# ab206377; RRID:AB_3713265

anti-PER2 Abcam Cat# ab227727; RRID:AB_3718162

anti-CK1δ Abcam Cat# ab85320; RRID: AB_1860174

anti-CK1ε Abcam Cat# ab1796; RRID: AB_10804849

anti-MARK1 Abcam Cat# ab154357; AB_3720986

anti-MARK3 Abcam Cat# ab52626; RRID: AB_881139

anti-phospho-MARK Family 

(Activation Loop)

Cell Signaling Technology Cat# 4836; RRID: AB_2140607

anti-MBP Tag Cell Signaling Technology Cat# 2396; RRID: AB_2140060

anti-GFP Cell Signaling Technology Cat# 2555; RRID: AB_10692764

anti-JNK Cell Signaling Technology Cat# 9252; RRID: AB_2250373

anti-phospho-JNK Cell Signaling Technology Cat# 9251; RRID: AB_331659

anti-ERK1/2 Cell Signaling Technology Cat# 4695; RRID: AB_390779

anti-phospho-ERK Cell Signaling Technology Cat# 4370; RRID: AB_2315112

anti-GSK3β Cell Signaling Technology Cat# 12456; RRID: AB_2636978

anti–GSK3β pS9 Cell Signaling Technology Cat# 14332; RRID: AB_2798453

anti-β actin Santa Cruz Biotechnology Cat# sc-47778; RRID: AB_626632

anti-HA Santa Cruz Biotechnology Cat# sc7392; RRID: AB_627809

anti-MARK2 Santa Cruz Biotechnology Cat# sc365405; RRID: AB_10841762

anti-Flag M2 HRP conjugated Sigma-Aldrich Cat# A8592; RRID: AB_439702

anti-MARK4 Thermo Fisher Biotechnology Cat# PA5104542; RRID: 

AB_2853482

Bacterial and virus strains

E. coli: BL21 (DE3) Transgen Cat# CD601-02

Chemicals, peptides, and recombinant proteins

phosphatase inhibitor cocktail 2 Sigma-Aldrich Cat# P5726

phosphatase inhibitor cocktail 3 Sigma-Aldrich Cat# P0044

Luciferin-Na Thermofisher Cat# 88292

protease inhibitor cocktail tablets Sigma-Aldrich Cat# 04693132001

B-27 Supplement Thermofisher Cat# 17504044

Sodium bicarbonate (7.5%) Thermofisher Cat# 25080094

HEPES-NaOH (pH=7.0) Thermofisher Cat# 15630080

Lipo3000 Thermofisher Cat# L3000-015

1×PBS pH=7.4 Thermofisher Cat# 10010049

Penicillin-Streptomycin Thermofisher Cat# 15070-063

FBS Thermofisher Cat# 10099-141C

Phos-tag™ Acrylamide Fujifilm Wako AAL-107

Experimental models: Cell lines

Human: HEK293T ATCC; authenticated Cat# CRL-3216

D15 (Per2::dLuc U2OS) cells Gifted from Dr. Eric Zhang; authenticated N/A

Experimental models: Organisms/strains

Mouse: CK1δflox Jackson Laboratories RRID:IMSR_JAX:010487

Mouse: Mark3 knockout GemPharmatech (China) RRID:IMSR_GPT:T029467

Mouse: Tssk2 knockout this paper N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Mouse: Tssk1-Tssk2flox this paper N/A

Mouse: Mark2flox this paper N/A

Mouse: Mark3flox this paper N/A

Mouse: Mark4flox this paper N/A

Oligonucleotides

See Table S2 for Oligonucleotide 

sequences

this paper N/A

Recombinant DNA

pMDG.2 pMD2.G was a gift from Didier Trono Addgene: Cat# 12259

psPAX2 psPAX2 was a gift from Didier Trono Addgene: Cat# 12260

LentiCRISPRV2-Cas9 Sanjana et al.129 Addgene: Cat# 52961

pCDNA3.1-3xFlag-PER2 this paper N/A

pCDNA3.1-3xFlag-PER2 S662A this paper N/A

pCDNA3.1-3xFlag-PER2 S662D this paper N/A

pCDNA3.1-HA-mouse PER2 this paper N/A

pCDNA3.1-HA-mouse PER2 S659A this paper N/A

pCDNA3.1-HA-mouse PER2 S659D this paper N/A

pCDNA3.1-3xFlag-PER2 556-771 this paper N/A

pCDNA3.1-3xFlag-PER2 556-771 S662A this paper N/A

pCDNA3.1-3xFlag-EF2K this paper N/A

pCDNA3.1-3xFlag-IKKα this paper N/A

pCDNA3.1-3xFlag-TLK1 this paper N/A

pCDNA3.1-3xFlag-TNN3K this paper N/A

pCDNA3.1-3xFlag-MAP3K7 this paper N/A

pCDNA3.1-3xFlag-TNK1 this paper N/A

pCDNA3.1-3xFlag-CK1α1 this paper N/A

pCDNA3.1-3xFlag-CK1α2 this paper N/A

pCDNA3.1-3xFlag-CK1δ this paper N/A

pCDNA3.1-3xFlag-CK1ε this paper N/A

pCDNA3.1-3xFlag-CK1γ1 this paper N/A

pCDNA3.1-3xFlag-CK1γ2 this paper N/A

pCDNA3.1-3xFlag-CK1γ3 this paper N/A

pCDNA3.1-3xFlag-TSSK1 this paper N/A

pCDNA3.1-3xFlag-TSSK2 this paper N/A

pCDNA3.1-3xFlag-TSSK3 this paper N/A

pCDNA3.1-3xFlag-TSSK4 this paper N/A

pCDNA3.1-3xFlag-TSSK6 this paper N/A

pCDNA3.1-3xFlag-GSK-3β this paper N/A

pCDNA3.1-3xFlag-MKNK1 this paper N/A

pCDNA3.1-3xFlag-SRC this paper N/A

pCDNA3.1-3xFlag-RSK2 this paper N/A

pCDNA3.1-3xFlag-MARK1 this paper N/A

pCDNA3.1-3xFlag-MARK2 this paper N/A

pCDNA3.1-3xFlag-MARK3 this paper N/A

pCDNA3.1-3xFlag-MARK4 this paper N/A

pCDNA3.1-3xFlag-MARK2 T208A this paper N/A

pCDNA3.1-3xFlag-MARK2 T208E this paper N/A

pCDNA3.1-3xFlag-MARK3 T211A this paper N/A

pCDNA3.1-3xFlag-MARK3 T211E this paper N/A

pCDNA3.1-3xFlag-mouse-MARK2 this paper N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

pCDNA3.1-3xFlag-mouse-MARK2 T208A this paper N/A

pCDNA3.1-3xFlag-mouse-MARK2 T208E this paper N/A

pCDNA3.1-3xFlag-mouse-MARK3 this paper N/A

pCDNA3.1-3xFlag-mouse-MARK3 T211A this paper N/A

pCDNA3.1-3xFlag-mouse-MARK3 T211E this paper N/A

pCDNA3.1-3xFlag-AMPKα1 this paper N/A

pCDNA3.1-3xFlag-AMPKα2 this paper N/A

pCDNA3.1-3xFlag-SIK1 this paper N/A

pCDNA3.1-3xFlag-SIK2 this paper N/A

pCDNA3.1-3xFlag-SIK3 this paper N/A

pCDNA3.1-3xFlag-BRSK1 this paper N/A

pCDNA3.1-3xFlag-BRSK2 this paper N/A

pCDNA3.1-3xFlag-NUAK1 this paper N/A

pCDNA3.1-3xFlag-NUAK2 this paper N/A

pCDNA3.1-3xFlag-SNRK this paper N/A

pCDNA3.1-3xFlag-NIM1 this paper N/A

pCDNA3.1-3xFlag-HUNK1 this paper N/A

pCDNA3.1-HA-MAR2 this paper N/A

pCDNA3.1-HA-MAR3 this paper N/A

pCDNA3.1-HA-PER2 this paper N/A

pCDNA3.1-HA-PER2 1-438 this paper N/A

pCDNA3.1-HA-PER2 321-557 this paper N/A

pCDNA3.1-HA-PER2 471-788 this paper N/A

pCDNA3.1-HA-PER2 717-1255 this paper N/A

pCDNA3.1-HA-PER2 321-717 Δ438-497 this paper N/A

pCDNA3.1-HA-PER2 321-717 Δ498-557 this paper N/A

pLVX-3xFlag-MARK1 this paper N/A

pLVX-3xFlag-MARK2 this paper N/A

pLVX-3xFlag-MARK3 this paper N/A

pLVX-3xFlag-MARK4 this paper N/A

Software and algorithms

GraphPad Prism 8.0 GraphPad Software Inc. https://www.graphpad.com/

ImageJ NIH https://imagej.nih.gov/ij/

Lumicycle Analysis Lumicycle Analysis Version 2.53

Image Lab BioRad https://www.bio-rad.com/en-us/product/ 

image-lab-software?ID=KRE6P5E8Z

Other

Nitrocellulose membrane Sigma-Aldrich Cat# HATF00010

Low-Profile Wireless Running Wheel Med Associates Inc Cat# ENV-047

HiTrap SP HP, 5 ml Cytiva Inc Cat# 17115201

HiTrap Blue HP, 5 ml Cytiva Inc Cat# 17041301

HiTrap Heparin HP, 5 ml Cytiva Inc Cat# 17040703

HiTrap Q HP, 1 ml Cytiva Inc Cat# 17115301

HAP (CHT Ceramic Hydroxyapatite, Type 

II, 20 μm)

Bio-rad Cat# 1572000

Superdex 200 Increase 10/300 GL Cytiva Inc Cat# 28990944

HisTrap HP, 5 mL Cytiva Inc Cat# 17524801

MBPTrap HP, 5 ml Cytiva Inc Cat# 28918779

Amicon® Ultra Centrifugal Filter, 

10 kDa MWCO

Sigma-Aldrich UFC901096
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines

HEK293T (fetal, female) cell line was purchased from ATCC (CRL-3216). Authentication information for HEK293T cell line is available 

at the website. Cells were cultured in DMEM medium supplemented with 10% FBS and 1% Penicillin/Streptomycin at 37◦C with 5% 

CO2. Cells were passaged every 2 days. D15 (Per2::dLuc U2OS) cells were a gift from Professor Eric Erquan Zhang (National Institute 

of Biological Sciences, Beijing).130 The parental U2OS cell line was derived from a 15-year-old female patient with osteosarcoma and 

has been authenticated by ATCC. Cells were maintained in DMEM supplemented with 10% FBS, 1% penicillin/streptomycin, and 

MEM nonessential amino acids. All cell lines used in this study were confirmed to be mycoplasma-free prior to experimentation.

Animals

All experimental procedures were performed in accordance with the guidelines and were approved by the Animal Care and Use 

Committee (ACUC) of Chinese Institute for Brain Research (CIBR), Beijing. Mutant mice and wt littermates were maintained on a 

C57BL/6N background. Mice were maintained on a 12 h light/dark cycle in a temperature- and humidity-controlled facility with 

ad libitum access to food and water.

METHOD DETAILS

Detection of phosphorylation by phos-tag

Phos-tag SDS-PAGE was performed according to the manufacturer’s protocol (Phos-tag Acrylamide AAL-107), with a minor modi

fication that the final concentration of phos-tag in the gel was 25 μМ. Phos-tag binds to phosphate groups on proteins slowed down 

their migration during SDS-PAGE.81 Shifted bands corresponding to phosphorylated hPER2 fragments were detected by immuno

blotting with an anti-FLAG- horseradish peroxidase (HRP) antibody.

Expression and purification of recombinant proteins

cDNAs were cloned into the pET-28a vector with designated tags. For recombinant protein expression, the plasmids were trans

formed into E. coli BL21 (DE3) cells. A single colony was inoculated into 5 mL of Luria-Bertani (LB) broth containing 50 μg/mL kana

mycin and cultured overnight at 37◦C with shaking at 220 rpm. The overnight culture was diluted 1:1000 into fresh LB medium with 

kanamycin and grown at 37◦C until the optical density at 600 nm (OD600) reached 0.6–0.8. Protein expression was induced by adding 

0.5 mM isopropyl β-d-1-thiogalactopyranoside, and the culture was incubated at 18◦C for 16 h with continuous shaking. Cells were 

harvested and lysed in Ni2+ binding buffer (300 mM NaCl, 20 mM Tris-HCl, pH7.5) supplemented with protease inhibitors, and lysed 

by sonication, followed by centrifugation at 14,000 rpm for 30 min. Recombinant proteins were purified by Ni2+ affinity columns and 

stored at -80◦C. For proteins used as substrates, the tag was not removed. For a protein used as the kinase, the fusion protein 

was incubated with His-tagged TEV protease to release the untagged kinase protein from the myelin basic protein (MBP) tag and 

GFP-8×His tag. The cleavage reaction mixture was subsequently passed over a Ni-NTA column to remove the GFP-8×His tag, 

the TEV protease and uncut fusion protein. The flow-through, containing the untagged protein and MBP tag, was collected and 

further purified by MBP affinity chromatography to remove any residual MBP-containing fragments. The final purified, untagged 

protein was buffer-exchanged into Buffer A (20 mM HEPES pH 7.5, 150 mM NaCl, 1 mM DTT) using centrifugal filtration and 

flash-frozen in liquid nitrogen for storage at -80◦C.

Purification of MARK 2 and 3 from HEK293T cells

500 ml HEK293T cell lysates (10 mg/ml) were purified by sequentially connected chromatography steps as diagramed in Figure 1C. 

Purification was performed at 4◦C with an AKTA Purifier 10 FPLC system (GE Healthcare). Cell lysates were loaded onto 10 ml SP HP 

columns pre-equilibrated with buffer A. Columns were eluted with a linear gradient of 20 CV buffer A from 0 to 600 mM NaCl. 20 frac

tions were collected, and aliquots of 0.5 ml of each fraction were dialyzed against buffer A, followed by in vitro PER2 S662 phosphor

ylation assay. Active fractions (7 and 8) from SP HP columns (Figure 1D) were pooled and loaded 10 ml Blue HP columns and eluted 

with a linear gradient of 0 to 3000 mM NaCl in 20 CV buffer A. Active fractions (7 to 11, 1050-1650 mM NaCl) from the Blue column 

(Figure 1E) were loaded on 10 ml Heparin HP columns and were eluted with a linear gradient of 0 to 600 mM NaCl in 20 CV buffer A. 

Active fractions (9 to 13,270-330 mM NaCl) from the Heparin HP column (Figure 1F) were loaded on 10 ml Q HP columns and eluted 

with a linear gradient of 0 to 600 mM NaCl in 20 CV buffer A. Active fractions (4 to 7,120-210 mM NaCl) from the Q HP column 

(Figure 1G) were loaded on 1 ml HAP (Hydroxyapatite column (Bio-Rad)) columns, eluted with a linear gradient of K2PO4 buffer 

from 0 to 300 mM. Active fractions (11 and 12, 150-180 mM K2PO4) from the HAP column (Figure 1H) were concentrated to 

0.5 ml, and loaded onto Superdex 200 10/300 column, and eluted with 200 mM NaCl in Buffer A. Fractions from Superdex 200 

10/300 column (Figure 1I) were assayed for PER2 S662 phosphorylation activity, and active fractions (11 and 12, 200 mM NaCl) 

were subjected to MS analysis.

In vitro kinase assay

Purified fractions (10 μl) or recombinant kinases (0.5 μg) were incubated with 1 μg substrates at 37◦C for 1hr in buffer A ( 20 mM 

HEPES,10 mM KCl,1.5 mM MgCl2,1 mM EDTA,1 mM EGTA,1 mM DTT, 1x protease inhibitor cocktail, 1x phosphatase inhibitor II 
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and 1x phosphatase inhibitor III) with 1 mM ATP (pH7.5) in a total volume of 20 μl. Reactions were terminated by heating at 95◦C 

with the protein loading buffer and analyzed by immunoblotting.

Calculation of the Michaelis-Menten constant

0.2 μg recombinant kinase was incubated with the substrate at multiple concentrations at 37◦C for 20 mins in buffer A (20 mM 

HEPES,10 mM KCl,1.5 mM MgCl2,1 mM EDTA,1 mM EGTA,1 mM DTT, 1xprotease inhibitor cocktail, 1xphosphatase 

inhibitor II and 1x phosphatase inhibitor III). Reactions were terminated by heating at 95◦C with the protein loading buffer and 

analyzed by Western blots. Western blots were quantitated by the ImageJ software and Km calculated by the GraphPad Prism 

software.

Protein stability assay

HEK293T cells were transfected with PER2 WT or S662G mutant or co-transfected with MARK2 for 24 hrs. Transfected cells were 

treated with DMSO or 200 mM cycloheximide (CHX) before harvesting at the indicated time points. Equal extracts were subjected to 

immunoblot analysis with the indicated antibodies, with actin as a loading control. Western blots were quantitated by the ImageJ 

software, and protein half-life was calculated by the GraphPad Prism software.

Generation of KO cell lines

Knockout HEK cells deficient in MARK 1 to 4 were generated by CRISPR/Cas9-mediated gene targeting. Briefly, two sequentially 

connected guide sequences targeting the indicated gene were inserted into the lentiCRISPRv2 puro vector. The lentiCRISPRv2 

plasmids were transfected into cells with Lipofectamine 3000 (Thermo Fisher Scientific, L3000015), followed by puromycin selection. 

Single clones were selected from 96-well plates by limited dilution. The success of gene-targeting single clone cells was confirmed 

by immunoblotting with appropriate antibodies.

Circadian rhythm analysis of D15 cells

For rhythm recording, cells were passaged onto 10 mm x 35 mm dishes and synchronized by replacing the medium with XM me

dium (1× DMEM(Gibco), 1× B27 supplement (Gibco), 4.2 mM NaHCO3 (Gibco), 10 mM HEPES (Gibco), 100 U/ml penicillin and 

streptomycin (Gibco) and 1 mM luciferin (Gibco)) when the confluence rate was 100%. The dishes were sealed with high vacuum 

grease (Dow Corning) and microscope cover glass (Fisherbrand) and bioluminescence was continuously recorded in a LumiCycle 

(Actimetrics) placed within an incubator (37◦C, 5% CO2) for approximately 3-4 days. Period lengths of bioluminescence rhythms 

were analysed using Lumicycle analysis software.

Generation of PER2 S662G mutant D15 cells with prime editing 7

The PER2 S662G mutation was introduced into D15 cells using the PE7 system. PegRNA and sgRNA were designed by the online tool 

(http://pegfinder.sidichenlab.org/). The spacer sequence of pegRNA is GCTCGCTGGCACTGCCGGGCA, and the sequence of sgRNA 

is CTTGTCTCCCACATGGACGA. The RTT and PBS sequences of pegRNA are ACACCCTCTGCCTTGCCCGGCAGTGCCAG. After 

transfected with plasmids of PE7-EGFP and hML1dn-cherry for 1 day, D15 cells expressing both EGFP and cherry fluorescence 

were sorted by FACS and cultured in a 35mm dish for another 2 days. For the editing step, 3.75μg of PER2 S662G pegRNA and 

1.25μg of sgRNA plasmid were transfected, and cells were cultured for 3 days to edit the target site, followed by puromycin selection. 

Single clones were selected from 96-well plates by limited dilution. PER2 S662G point mutation cells were confirmed through PCR 

sequencing.

Mouse stocks

CK1δflox mice (RRID:IMSR_JAX:010487) were a gift from Prof. Ying Xu of Suzhou University. Mark3 (RRID:IMSR_GPT:T029467) 

KO mice were purchased from GemPharmatech (Nanjing, China). Tssk2 KO mice and Tssk1-Tssk2 conditional double KO mice 

(Tssk1-Tssk2flox), Mark2 conditional KO mice (Mark2flox), Mark3 conditional KO mice (Mark3flox) and Mark4 conditional KO mice 

(Mark4flox) mice were created with the CRISPR/Cas9 system by the Genetic Manipulation Core of CIBR (Figures S4 and S11).

Wheel running assays of circadian rhythms in mice

All experimental procedures were approved by the ACUC of the CIBR. Male mice aged 11 to 24 were individually housed in a 

cage. Food and water were delivered ad libitum. The low-profile wireless running wheel system (Med Associates company, 

ENV-047) was used to record the circadian rhythm. Mice were acclimated to a standard light cycle (12D:12D) for 14 days, followed 

by 21 days of constant darkness (DD). Activity pattern diagrams of mice for every 10 mins were created and analyzed. Circadian 

period length was extracted from the DD phase of the wheel running activity records by Х2 periodogram analysis.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was conducted with GraphPad Prism 8.0 (GraphPad Software). All statistical details can be found in the figure 

legends. Data were presented as mean ± SEM unless otherwise stated. Normality of the data was assessed using the Shapiro- 

Wilk normality test. If the data met the assumptions of normality and equal variance, parametric tests were applied; otherwise, 
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nonparametric alternatives were used (Kruskal-Wallis test). For detaile, unpaired, two-tailed Student’s t test was used for compar

isons between two groups; one-way ANOVA followed by Dunnett’s multiple comparisons test was used for comparisons of multiple 

groups against control group; one-way ANOVA followed by Tukey’s multiple comparisons test was used for comparisons between all 

groups; two-way ANOVA followed by Sidak’s multiple comparisons was used to compare the differences between different groups 

with different treatments. ImageJ software was used for densitometry analysis of western blotting and data plotted in GraphPad 

Prism, data were presented as mean ± SEM and points reflect quantification from n = 3 biological replicates. Asterisks denote 

statistical significance: *p< 0.05, **p< 0.01, ***p< 0.001, **** p< 0.0001. Unless otherwise indicated, n represents the number of 

biologically independent samples, animals, or replicate experiments, as detailed in each figure legend. All experiments were 

performed at least three times, and representative data were shown. A complete summary of the sample sizes (n) for each 

experimental group in every figure panel is provided in Tables S3 and S4.
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