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Copper is essential for cyclin Bl-mediated
CDK1 activation
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Cyclin-dependent kinase 1 (CDK]1) is the pivotal kinase responsible for initiat-
ing cell division. Its activation is dependent on binding to regulatory cyclins,
such as CCNBL. Our research demonstrates that copper binding to both CDK1
and CCNBL is essential for activating CDKI in cells. Mutations in the copper-
binding amino acids of either CDK1 or CCNB1 do not disrupt their interaction
but are unable to activate CDK1. We also reveal that CCNBI facilitates the
transfer of copper from ATOX1 to CDK1, consequently activating its kinase
function. Disruption of copper transfer through the ATOX1-CCNB1-CDK1
pathway can impede CDK1 activation and halt cell cycle progression. In sum-
mary, our findings elucidate a mechanism through which copper promotes
CDK1 activation and the G2/M transition in the cell cycle. These results could
provide insight into the acquisition of proliferative properties associated with

increased copper levels in cancer and offer targets for cancer therapy.

Copper is an essential trace metal element for all living cells. It serves as
a catalytic cofactor for enzymes involved in antioxidant defense, iron
absorption, cellular respiration, and connective tissue maturation'?,
Substantial evidence indicates that cancerous cells require a higher
level of copper compared to healthy cells®”. Increased intracellular
copper is considered to be closely associated with abnormal cell pro-
liferation. Copper has been shown to act as a cofactor for mitochon-
drial cytochrome c oxidase, promoting ATP supply required for rapid
cell division, as well as for ULK1/2, which activates autophagy for tumor
survival and growth®’. Notably, copper can activate MEK1 to promote
BRAFY¢*t-mediated MAPK signaling® and activate PDKI to promote the
PI3K-AKT pathway in tumor cells’. These signaling pathways have been
recognized for their importance in cell proliferation by promoting cell
cycle progression from the G1 to S stage'® ™, highlighting the invol-
vement of elevated copper in the cell cycle.

Cyclin-dependent kinase 1 (CDK1) is a conserved Ser/Thr protein
kinase subunit, whose activation is essential for G2 to mitosis (G2/M)
transition during cell cycle progression™™. The activation of CDK1
relies on its physical association with the regulatory subunit CCNBI (or
cyclin B1)"*'8, CCNB1 binding precedes and is required for the

activating phosphorylation of Thr161 (T161) residue by CDK1 activating
kinase (CAK) and specifies the complex translocation into nucleus'?°.
Interestingly, recent reports indicate that copper ions are pre-
dominantly located in the perinuclear and nucleus areas during mitotic
stages and can be converted to monovalent copper by the histone H3-
H4 tetramer?*. Elevated copper levels enhance the expression of
CCNBI, CDC2, and genes associated with chromosome structure”>,
Copper deficiency leads to a substantial increase in nuclear DNA
content®. These findings suggest the relevance of copper in the reg-
ulation of mitosis. In this study, we discovered that copper is essential
for CCNB1-dependent CDK1 kinase activation, thereby triggering the
G2/M progression in the cell cycle.

Results

Copper is crucial for cell cycle G2/M progression

To investigate the role of copper in cell mitosis, we knocked down
CTRI in HepG2 and HEK293T cells (Supplementary Fig. 1a), and syn-
chronized the cells to the S stage using thymidine (TdR) (Supple-
mentary Fig. 1b). The results revealed that CTRI interference caused
the majority of HepG2 or HEK293T cells to remain in the G2/M stage
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Fig. 1| The influence of copper on cell cycle G2/M progression. a Flow cytometric
analysis of the impact of copper on cell cycle progression in CTRI knocked-down
HepG2 cells. After synchronization to the S phase by 2.5mM TdR, cells were
released and cultured for 12 h. The percentages of different cell cycle stages are
quantified on the right. The same treatment condition was used hereafter, if not
specifically noted. b The schematic representation of FUCCI reporter system.
Magenta: G1 phase; bright green: G2/M phase. ¢ FUCCI reporter assay assessing the
cell cycle progression of CTRI knocked-down HepG2 cells. Scale bars are 50 pm.
d, e Examination of the effect of copper-binding deficiencies of CTR1 on cell cycle

G1

progression using flow cytometry and FUCCI assay. Scale bars are 50 pm. f, g Flow
cytometry (f) and FUCCI reporter assay (g) analyzing copper’s impact on cell cycle
progression of HepG2 cells under different treatments. The cells were synchro-
nized to the S phase using TdR and cultured in metal-deprived medium without or
with copper (-Metal or Cu, respectively), or cultured in regular medium containing
20 pM TEPA or 50 pM TTM for 12 h. Scale bars represent 50 pm. In (a, d, f), data are
representative of three biologically independent experiments. Source data are
provided as a Source Data file.

(Fig. 1a; Supplementary Fig. 1c). We then established HepG2 and
HEK293T cell lines that stably expressed the FUCCI system, a cell cycle
reporter®, in which a bright green fluorescence signal represents cells
in the G2/M phase and a magenta signal indicates cells entering the G1
phase (Fig. 1b). Consistent with the flow cytometric data mentioned
above, knockdown of CTRI led to the arrest of the majority of cells at
the G2/M stage, as shown by the bright green cells (Fig. 1c; Supple-
mentary Fig. 1d). Additionally, introducing a defective mutant of the
copper-binding sites of CTR1 (CTRI™*}) into HepG2 cells with silenced
endogenous CTRI also arrested numerous cells at the G2/M stage
(Fig. 1d, e). Consistent with these findings, treatment of HepG2 cells
with demetallation or copper chelation using tetrathiomolybdate
(TTM, 50 pM) or tetraethylenepentamine (TEPA, 20 uM) resulted in
the majority of cells being blocked at the G2/M stage; however, copper
supplementation promoted the progression of these cells through G2/
M stage in demetallized medium (Fig. 1f, g). These observations could
be recapitulated in HEK293T cells (Supplementary Fig. 1e, f). Interest-
ingly, the addition of zinc (Zn), iron (Fe), manganese (Mn), nickel (Ni),
cobalt (Co), molybdenum (Mo), or magnesium (Mg) ions did not res-
cue the G2/M arrest of HepG2 cells cultured in a metal-free medium
(Supplementary Fig. 1g). These findings indicate that copper plays a
crucial role in cell cycle G2/M progression.

Copper binding is essential for CDK1 activation and G2/M
progression

To investigate the mechanism through which copper regulates G2/M
phase progression, we synchronized HepG2 cells to the G2 stage and
performed protein mass spectrometry analysis to identify potential
copper-binding proteins (CBPs) in the nucleus and cytoplasm

(Supplementary Fig. 2a). Through an intersection analysis of the
identified copper binding proteins and the proteins involved in the
regulation of G2/M progression in the AmiGO database, we found that
CDK1 was enriched in both the nucleus and cytoplasm samples
(Fig. 2a, b). Immunoblot analysis of the proteins pulled down by
copper-beads from nuclear and cytoplasmic extracts confirmed
CDK1 as a copper-binding protein (Fig. 2c). When purified recombi-
nant proteins were tested by pulldown and isothermal titration
calorimetry (ITC) assay, CDK1 exhibited a copper-binding capability
(Fig. 2d; Supplementary Fig. 2b). Copper typically forms coordina-
tion bonds with amino acids such as cysteine (C), histidine (H), and
methionine (M)?. To analyze the copper-binding region of CDK1, we
used the web-based server of MIB to predict its potential Cu binding
sites®®. In the predicted copper-binding region of CDK1, we indivi-
dually mutated each vulnerable amino acid to alanine (A) and pur-
ified the recombinant proteins from bacteria to perform the
pulldown assay (Supplementary Fig. 2c, d). In copper-pulldown
assays, CDK1-H23A, M85A, and HI20A mutants, but not others,
showed a significantly reduced copper-binding ability compared to
CDK1 WT (Fig. 2e), leading to the generation of a copper-binding
deficient mutant, CDK1 CBM. In Inductively Coupled Plasma Optical
Emission Spectrometry (ICP-OES) analysis, CDK1°® exhibited a vir-
tually lost copper-binding affinity compared to its wild-type (WT)
protein counterpart (Fig. 2f).

To determine the role of copper binding to CDK1 in G2/M pro-
gression, we ectopically expressed CDK1¥" and CDK1“®™ in HepG2 and
HEK293T cells while simultaneously knockdown of endogenous CDK1
was induced (Supplementary Fig. 2e). Introducing CDK1® resulted in
the arrest of numerous synchronized cells at the G2/M phase, which

Nature Communications | (2025)16:2288


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-57538-7

a b )
NO. Nuclear CBP Cytoplasmic CBP
1 CDK1 CDK1 Resin
2 CCNB1 CCNB1 (kDa) Input Cu -
147 10 1016 150 7 1380 3 KHDRBS1 APP 357 - CDK1
4 RRM1 PPME1 Nucleus extracts
5 RCC2 NPM1
6 NPM1 RRM1 357 - CDK1
G2/M progression related proteins
Nuclear Copper binding proteins 7 SIN3A CDK2 Cytoplasm extracts
Cytoplasmic Copper binding proteins 8 BRD4
9 AURKA
10 CDK2
d Input Pulldown e f ICP-OES
GST-ATOX1 - + - - + - - + - WT H23A M85A H120A CBM - —1.0203%10°
GST-CDK1 - - + - - + - - + (kba) - Cu - Cu - Cu - Cu - Cu Resin ;053 P
GST + - - + - - + - - 70 S 46 1
CuBeads - - - + + + - - - 'I-"‘—'- CDK1 R
Resin - - - - - - + + + (kDa) g
- 70 Input 224
GST-CDK1 —p - £ 2.
- - < < g 3 02
GST-ATOX1 35 38 3 © ol -
. — -
ST W - 25 (e 2 L = I O N
707 g oo g o o CDKA1 ’00\(“90*‘00\&'\
g & ¥y
CDKAWT CDK1CBM CDK1CBM+Cu shCDK1 ~ 300 -
ekt wr:P2 - coKt cam:p2 coKt Camscu:P2 shopki P2 S = shCDK1
“ g -~ = CDK1WT
| [0] CDK1CBM
3229 4497 s 76.00 & 77,05 75.89 & 200 - CDK1cBM+Cu
- - T 10.76 <% s
38 3 11.93 H 3 11.40
22.26 2] 12.44 g] 12.15 2112.53 %>1oo-
= E g -
- o ° =
R P asesa won % “hsesa o
h |
D
g\cjb@@‘ O<Z>®HA-CDK1 HA-CDK1
- - + + Cu
(kDa) + + + + Dox CCNB1
05| e e e w53
CCNBH1
35—/ 14
HA
35| - - 1 4
407 - - - - A
40_“ B-actin B WT I CBM

Tet-inducible shCDK1

Fig. 2 | Role of copper binding in CDK1 activation and G2/M progression.

a Intersection analysis of copper-binding proteins (CBPs) from G2-stage HepG2
cells and G2/M progression regulatory proteins compiled from the AmiGO data-
base. Lysates from the cytoplasm or nuclei of HepG2 cells synchronized to the G2
phase were examined using mass spectrometry (MS) after copper-bead pulldown.
b The filtered results are charted for copper-beads enriched proteins. ¢ Pulldown
assay to verify copper binding to CDK1 within the nuclear and cytoplasmic com-
partments of HepG2 cells. d In vitro pulldown assay to assess the copper-binding
affinity of purified GST-CDK1, using GST-ATOX1 and GST as positive or negative
controls, respectively. e Pulldown assay gauging copper binding to GST-CDK1 wild-
type (WT) or its copper-binding deficient mutants. f ICP-OES-quantified copper-
binding capacities of 10 pg purified recombinant CDK1"" and CDK1°® proteins. (P-
values indicated on top). g, h Examination of the effects of copper-binding

deficiencies of CDK1 on cell cycle progression using flow cytometry and FUCCI
assay after transfecting cells with CDK1 "™ or CDK1“®™ expression plasmids. The
cells were synchronized to the S phase and then treated with 20 uM copper in the
CBM groups, followed by flow cytometric analysis (g) or FUCCl-based assays (h).
The same treatment condition was used hereafter, if not specifically noted. Scale
bars represent 50 pm. i Analysis of H1.4 and p53 phosphorylation in cells with
inducible CDK1 knockdown and transfected by HA-CDK1"" or HA-CDKI®™,

Jj Molecular modeling analysis of CDK1 protein structures to visualize the differ-
ences in conformation between WT and CBM mutants. k IP assay to examine
interactions of transfected CDK1 WT or CBM mutant with endogenous CCNBL. In
(), unpaired two-tailed Student’s t-test was used for statistical analysis. In (f, g), data
are representative of three biologically independent experiments. Source data are
provided as a Source Data file.
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could not be rescued by the addition of copper (Fig. 2g, h; Supple-
mentary Fig. 2f, g).

As CDK1 is a key regulator of cell progression through the G2
phase and mitosis” ™, we examined the effects of copper on CDK1
kinase activity in HepG2 and HEK293T cells synchronized to the
G2 stage using colchicine (Supplementary Fig. 2h). The cells were then
cultured in the presence of copper or its chelator, TTM. Copper sig-
nificantly enhanced the phosphorylation of p53 at S315 and H1.4 at T17
(Supplementary Fig. 2i), both of which are mediated by CDK1?**°. In
contrast, TTM exhibited clear opposite effects (Supplementary Fig. 2i).
However, TTM and copper did not change the activated phosphor-
ylation of CDK1 at T161, or the inhibitory phosphorylation at Tyrl5
(Supplementary Fig. 2j). Consistently, cells with inducible knockdown
of endogenous CDKI and expressing HA-CDK1“®™ showed significantly
decreased phosphorylation of p53 and H1.4 compared to cells
expressing ectopic HA-CDK1"". Importantly, this effect could not be
rescued by the addition of copper (Fig. 2i).

To determine whether mutations in the copper-binding sites of
CDK1 cause significant alterations in protein structure or thermal
fluctuations, we conducted molecular modeling analyses. The results
showed that the point mutations in CDK1“®™ did not significantly alter
the secondary or tertiary structures or create detectable thermal
fluctuations (Fig. 2j; Supplementary Fig. 2k). The thermal fluctuations
level of each residue’s Ca in these regions of CDKI1 revealed no sig-
nificant changes in flexibility or rigidity, particularly in regions essen-
tial for CDK1 to carry out its kinase activity (Supplementary Fig. 2k).
Similar results were obtained by comparing the average structure of
the converged period for WT CDK1 and its CBM mutant with DSSP
(Supplementary Fig. 2I). Notably, with endogenous CDK1 knockdown,
ectopically expressed HA-CDKI"" and HA-CDK1“®™ showed similar
binding affinity to endogenous CCNBI (Fig. 2k). These results collec-
tively indicate the crucial role of copper binding in CDK1 activation and
G2/M progression in cells.

Copper activates CDK1 independently of CCNBI in vitro, but not
in cells

CCNBI, as a regulatory protein for CDKI1, plays a crucial role in pro-
moting its kinase activity'®”. Therefore, we investigated whether
CCNBL is involved in copper-mediated CDK1 activation. In our in vitro
kinase assay, the presence of both CCNBI and CDKI1 enhanced the
phosphorylation of p53 and H1.4, and this effect was significantly
amplified by the addition of copper (Fig. 3a; Supplementary Fig. 3a).
Interestingly, copper also increased the CDK1-mediated phosphoryla-
tion of these substrates in the absence of CCNB1 (Fig. 3a; Supple-
mentary Fig. 3a). When we removed all metals from the purified
proteins (apo-state), CCNBI had no significant effect on CDK’s kinase
activity. However, the addition of copper resulted in a similar increase
in p53 and H1.4 phosphorylation in both the CDK1/CCNB1 and CDK1
alone samples (Fig. 3b; Supplementary Fig. 3b). These findings suggest
that copper can activate CDK1 independently of CCNBI in vitro. Based
on these results, we explored whether copper directly regulates CDK1
kinase function. In vitro kinase assays, increasing copper concentra-
tion led to a responsive enhancement of CDKI-mediated phosphor-
ylation of H1.4 and p53 (Fig. 3¢; Supplementary Fig. 3c). However, this
effect was largely attenuated by copper chelators TTM and TEPA in a
dose-dependent manner (Fig. 3d; Supplementary Fig. 3d-f). Mean-
while, purified recombinant CDK1“® did not respond to copper in
promoting phosphorylation of H1.4 and p53 in vitro (Fig. 3e), providing
evidence that copper can activate CDK1 activity independent of CCNB1
in vitro.

Previous studies have shown that CCNBI1 binding is necessary for
CDK1 activation in living cells™. In our experiments, we observed a
significant decrease in p53 and H1.4 phosphorylation upon CCNBI
knockdown, and copper supplementation was unable to restore their
phosphorylation levels (Fig. 3f). These results suggest the

indispensability of CCNB1in copper-mediated CDK1 activation in cells.
Additionally, previous research has highlighted the essential role of
CDK?7 in facilitating the stable binding of CCNB1 to CDK1 through the
phosphorylation activation of CDKI1 at T161 (CDK1"Y)*, Therefore,
when CDK7 was knocked down in cells, both CCNBI1 binding to CDK1
and CDK1™¢ phosphorylation were significantly diminished (Fig. 3g, h).
Importantly, even with the addition of copper, we observed no rein-
statement of phosphorylation of H1.4 and p53 (Fig. 3h). Similar results
were observed in cells expressing the CDK1™" mutant (Supplemen-
tary Fig. 3g, h), indicating that CCNBI binding is indispensable for the
copper-mediated activation of CDK1 kinase activity in a cellular
environment.

CCNBI acts as a mediator for copper-activated CDK1 during the
G2/M stage

Although the copper-induced activation of CDK1 does not rely on
CCNBL in vitro, it requires CCNBI in cells. To further understand the
role of CCNBL1 in copper-mediated CDK1 activation, we conducted an
intersection analysis of the identified proteins and the proteins
involved in the regulation of G2/M progression in the AmiGO database,
which revealed that CCNB1 is a potential copper-binding protein
(Fig. 2b). Subsequent experiments confirmed that CCNB1 exhibited
copper binding capabilities when tested with cell nucleus and cyto-
plasm lysates, as well as purified recombinant proteins by pulldown or
ITC (Fig. 4a, b; Supplementary Fig. 4a). We generated CCNB1 mutants,
individually mutating the vulnerable amino acids in the copper-
binding region to alanine (A) (Supplementary Fig. 4b-d), and observed
that CCNB1-M380A, M389A, H397A, and H409A mutants exhibited
significantly reduced copper binding ability (Fig. 4c; Supplementary
Fig. 4e). By introducing mutations in all four residues, we generated a
copper-binding deficient CCNB1 mutant (CCNBI®®) (Fig. 4d). ICP-OES
analysis confirmed that CCNB1®® |ost its ability to bind copper com-
pared to the wild-type (WT) proteins (Fig. 4e).

Molecular modeling analyses demonstrated that these copper-
binding site mutations cause negligible structural alterations (Fig. 4f)
or thermal fluctuations in CCNBI1 (Supplementary Fig. 4f, g). Similarly,
DSSP analysis also demonstrated that the mutations had negligible
effect on the secondary structures of the CCNB1 (Supplementary
Fig. 4h). Additionally, compared to CCNB1"", Flag-CCNB1“® exhibited
comparable affinity to CDK1 when endogenous CCNBI was silenced
(Supplementary Fig. 4i), indicating that disruption of the copper-
binding sites did not affect their interaction. Subsequent experiments
with inducible knockdown of endogenous CCNBI revealed that ectopic
CCNBI1"", but not CCNBI®™, restored reduced p53 and H1.4 phos-
phorylation (Fig. 4g). Furthermore, in cells synchronized to the late S
phase and with endogenous CCNBI knockdown, CCNB1°®™ blocked the
cell cycle at the G2/M phase, which could not be rescued by copper
addition (Fig. 4h, i; Supplementary Fig. 4j). These results strongly
support the requirement of copper-CCNB1 binding for CDK1 activation
and the G2/M transition in cells.

Considering our data, it is plausible to suggest that CCNB1 may act
on delivering copper to CDK1, thereby promoting its activation. To
validate this hypothesis, we employed a copper transfer test between
CCNBI1 and CDK1 proteins as described previously*>*. The proteins
were prepared in copper-free (apo-) or copper-bound (Cu-) states.
After incubating Cu-CCNBI and apo-CDK1 at 4 °C for 30 minutes, the
proteins were separated using size exclusion chromatography (SEC),
and ICP-OES was performed to determine the copper contents in the
eluate (Supplementary Fig. 4k). Eluted CCNBI1 showed significantly
lower copper levels than the original Cu-CCNB1, while eluted CDK1
exhibited markedly increased copper content compared to apo-CDK1
(Fig. 4j). In in vitro kinase assays, the combination of Cu-CCNBI1 and
apo-CDK1, similar to Cu-CDK1 alone, significantly increased p53
phosphorylation, whereas none of the assays with apo-CDK1, apo-
CCNBJ, or Cu-CCNBI alone showed this kinase activity (Fig. 4k). These
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Fig. 3 | Effect of copper on CDK1 activity. a Analysis of H1.4 phosphorylation by
incubation with CDK1 and CCNBL1 alone or in combination, with or without 5 uM
copper. The densitometric analysis of protein phosphorylation levels is shown on
the blot. b Analysis of H1.4 phosphorylation with the same conditions as (a) using
apo-CCNBLI and apo-CDK1, with densitometric analysis depicted on the blot.

¢, d Assessment of H1.4 phosphorylation using in vitro kinase assay, with H1.4
incubated with a gradient concentration of copper (c) or TTM (d). e Examination of
CDKI1"" and CDK1®™'s ability to phosphorylate H1.4 and p53 in vitro in the presence

or absence of copper through western blot analysis. f Evaluation of H1.4 and p53
phosphorylation in CCNBI-silenced cells treated with increasing concentrations of
copper. g Co-IP analysis of CDK1 and CCNBI interaction in lysates of HepG2 cells
with CDK7 knockdown by CRISPR-Cas9. h Analysis of H1.4, p53, and CDK1-T161
phosphorylation in sgCDK7 cells treated with 20 pM copper. In (a-d), data are
representative of three biologically independent experiments. Source data are
provided as a Source Data file.

findings suggest that the physical interaction between CCNBI and
CDK1 facilitates copper transfer from CCNB1 to CDK1, with
CCNBI serving as a mediator for copper-activated CDK1. However, the
source of copper on CCNBI remains unidentified.

CCNBI transfers copper from ATOX1 to CDK1, thereby activat-
ing its kinase activity and promoting G2/M progression

Copper enters the cells primarily through CTR1 and is then
delivered to its targets by various copper chaperone proteins,
such as ATOX1, CCS, and COX17". We performed co-IP studies to
test the binding of Flag-CCNBI1 to three HA-tagged copper cha-
perones, and found that ATOXI1, but not CCS or COX17, was
associated with CCNBI1 (Fig. 5a). The interaction between CCNB1
and ATOX1 was further confirmed by in vitro protein pulldown
assays (Fig. 5b; Supplementary Fig. 5a) and the co-IP assay of
endogenous proteins (Fig. 5c¢). However, CDK1 did not show
binding to ATOX1, CCS, or COX17 in co-IP tests and in vitro
protein binding assays, suggesting that CDK1-associated copper is
not transferred directly from these copper chaperones (Supple-
mentary Fig. 5b, c). The subsequent bi-molecular fluorescence
complementation (BiFC) analysis confirmed the interaction

between ATOX1 and CCNBI in a cellular environment (Fig. 5d;
Supplementary Fig. 5d).

Subsequently, we evaluated the potential of copper delivery from
ATOX1 to CCNB1 or CDK1 using MEMOI1 as a control to obtain Cu from
ATOX1*. Our experiments revealed that apo-CCNB1 incubated with
Cu-ATOX1 showed marked copper increase compared to apo-CCNB1
alone (Fig. Se). Conversely, Cu-ATOX1 incubation with CCNB1“®*™ or
CDKI1 did not lead to detectable copper loading to either protein,
indicating that ATOX1 may directly deliver copper to CCNBI, but not to
CDK1 (Supplementary Fig. Se, f). Furthermore, Cu-ATOX1/apo-CCNB1/
apo-CDK1 promoted p53 phosphorylation in vitro, similar to the
effects of Cu-CCNB1/apo-CDK1 or Cu-CDKI1 alone, while Cu-ATOX1/
apo-CDK1 or other control groups did not show this activity (Fig. 5f).
These findings suggested a copper transfer path of ATOX1-CCNBI-
CDKI1 to activate CDKI1 kinase activity.

Subsequently, we evaluated the contribution of ATOX1 to
CDKI1 substrate phosphorylation in a cellular environment. ATOX1
knockdown or expression of the copper binding deficient mutant,
ATOXI®®, significantly decreased H1.4 and p53 phosphorylation in
synchronized HepG2 cells (Fig. 5g, h). ATOX1 knockdown and intro-
duction of ATOX1°® led to the cells stalling at the G2/M phase (Fig. 5i, j;

Nature Communications | (2025)16:2288


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-57538-7

Supplementary Fig. 5g, h), which was consistent with a previous
study®. This suggests the essential role of ATOX1-mediated copper
delivery in CDK1 activation and G2/M transition. Taken together, we

uncovered a copper transfer path involving ATOX1-CCNBI-CDK1,
which promotes CDKI1 kinase activity and drives G2/M progression in
cancer cells (Fig. 5k).
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Fig. 4 | Role of CCNB1 in copper-Activated CDK1 during G2/M Stage. a Pulldown
assay assessing copper binding to CCNBL in cell nucleus and cytoplasm lysates.

b Pulldown assay examining copper binding to purified GST-CCNBI; using GST-
ATOX1 and GST as positive and negative controls, respectively. ¢ Inmunoblot
detection of copper binding to GST-CCNB1 WT and its CBM mutants of GST-CCNB1-
F2. d Pulldown assay testing copper binding to WT or its CBM of CCNB1 FL with
putative copper-binding residues replaced by alanines. e ICP-OES-quantified
copper-binding capacities of 10 pg purified recombinant CCNB1"" and CCNB1¢®™
proteins (P-values indicated on top). f Molecular modeling analysis of CCNB1
protein structures, with blue and red ribbons representing WT and CBM mutants,
respectively. g Analysis of H1.4 and p53 phosphorylation in CCNBI knockdown cells
transfected with WT or its CBM type of HA-CCNB1 plasmids. All cells were

synchronized to the S phase and treated with copper. h, i Effects of copper-binding
deficiencies of CCNB1 on cell cycle progression evaluated using flow cytometry and
FUCCI assay. Scale bars represent 50 pm. j ICP-OES-quantified copper contents of
CCNBI1 and CDK1 samples alone and after their incubation. Apo- and Cu-states of
purified CCNBI1 and CDK1 alone were directly tested. Upon incubation, when Cu-
CCNBI1 and apo-CDK1 were separated by SEC and analyzed for copper contents.
k Western blot analysis of in vitro GST-p53 phosphorylation when incubated with
CCNB1and CDK1 in their apo- or Cu-states, or in the indicated combinations. In (e),
unpaired two-tailed Student’s t-test was used for statistical analysis. In (e, f), data
are representative of three biologically independent experiments. Source data are
provided as a Source Data file.
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Fig. 5 | CCNBL1 transfers copper from ATOX1 to CDK1, thereby activating its
kinase activity and promoting G2/M transition. a IP analysis examining inter-
actions of HA-tagged copper chaperone proteins with Flag-CCNB1 in HepG2 cells.
In vitro pulldown assay using Ni agarose (b) and co-IP analysis (c) to evaluate CCNB1
and ATOXI interaction. d BiFC analysis of CCNB1 and ATOXI interaction. Scale bars
represent 100 pum. e ICP-OES-quantified copper contents of purified proteins alone
or after their incubations to assess the copper transfer. f Analysis of p53 phos-
phorylation after incubation with apo- or Cu-states of ATOX1, CCNB1, CDK]1, or their

different combinations as indicated. g, h Analysis of H1.4 and p53 phosphorylation
in cells expressing shATOXI (g) or expressing both shATOXI and HA-ATOX1 WT or
CBM (h), synchronized to the S phase and treated with copper. i, j Flow cytometry
(i) and FUCCI (j) assay to assess the cell cycle progression of HepG2 cells with
ATOXI knockdown. k Mechanistic model of copper-promoting cell cycle progres-
sion by activating CDKI. In (i), data are representative of three biologically inde-
pendent experiments. Source data are provided as a Source Data file.

Discussion

As a pivotal kinase and a master regulator of mitosis, CDK1 catalyzes
the phosphorylation of several hundreds of mitotic proteins to coor-
dinate cell cycle progression®. In this study, we unveiled a mechanism
promoting CDKI1 activation. Our findings reveal that CCNBI1 acts as a
copper transporter, facilitating the transfer of copper ions from its
chaperone ATOXI1 to CDKI. This copper acquisition leads to CDK1
activation and promotes G2/M cell cycle progression.

The involvement of metal ions in CDK1 kinase activity has been
suggested in the investigation of CDC2 activity under EDTA treatment
by Simanis and Nurse”. Among the potential metal ions, magnesium
(Mg?") has been considered due to its reported ability to stabilize ATP

binding and enhance phosphotransferase activity of cAMP-dependent
protein kinase (PKA) and CDK2***°, Interestingly, we observed that the
loss of CDK1’s copper binding ability results in the inactivation of its
function, and the restoration of G2/M progression in metal-deprived
cells is specifically achieved through copper supplementation, not
magnesium ions. These findings emphasize the crucial role of copper
in CDK1 activation.

Using site-directed mutagenesis, this study identifies specific
residues in CDK1 that are responsible for copper binding, under-
scoring the significance of these amino acids in CDKI1 activity. How-
ever, the mutational data implies that residues are not located close to
each other in the known structure for Cu binding. Copper binding to
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proteins typically occurs in regions with square planes, distorted
octahedra, or tetrahedra geometries”*.. Therefore, the binding of
copper to CDK1 may induce local structural changes in its domains,
enhancing its functionality. Further investigation is needed to explore
the structural aspects of this copper-induced modulation.

Previous research has emphasized the importance of CCNBL1 in
CDKI1 activation through allosteric mechanisms”'**2, However, our
study reveals that CCNBI serves as a copper transducer, facilitating the
activation of CDKI in cell. Cu activates CDK1 independent of CCNB1
in vitro, implicating its fundamental role in CDK1 activity. Unlike
in vitro scenarios where copper can freely interact with CDK], intra-
cellular CCNBI plays a crucial role in the controlled delivery of copper
to CDK1. Meanwhile, the observation that copper is transferred from
ATOXI to CCNBI, as evidenced by their interaction, highlights the
crucial role of this copper transfer pathway in cell mitosis. Further-
more, this study found that CDKI1 binds to both Cu(l) and Cu(ll)
in vitro, both of which can affect its kinase activity. However, we do not
yet have appropriate technologies to accurately determine the redox
state of copper that activates CDK1 in a cellular environment. Con-
sidering that ATOX1 is mainly responsible for Cu(l) transfer in cells****,
we speculate that the activity of cellular CDKI may mainly
depend on Cu(l).

This study provides valuable insights into the role of copper in
cancerous cell mitosis. Substantial evidence has indicated that cancer-
ous cells require a higher level of copper compared to healthy cells®”.
Simutaneously, high expressions of cyclin Bl and CDK1 are associated
with more aggressive cancer phenotype and are considered major
contributors to CDKl-driven G2/M transition in cancer cells®™“°. Our
finding reveals a direct link of increased intracellular copper to CDK1/
CCNBI-driven cancerous cell mitosis. Disruption of copper transfer
pathway via CTR1-ATOX1-CCNB1-CDKI1 suppressed cancerous cell divi-
sion. This finding could be confirmed by that knockout or knockdown of
the main copper transporter CTRI and the cytoplasmic/nucleic copper
chaperone ATOXI significantly inhibit tumor growth”* .

In summary, our study provides innovative insights into the
essential role of copper binding in CDK1 kinase activity, both in vitro
and in cells. Furthermore, we reveal a function of CCNBI as a copper
mediator, facilitating CDKI activation and promoting G2/M progres-
sion. These findings offer valuable knowledge for the design of CDK
inhibitors that target copper incorporation and open new avenues for
the development of effective strategies in cancer therapies.

Methods
Cell culture
HepG2 (CTCC-001-0014) and HEK293T (CTCC-001-0188) lines were
purchased from Meisen CTCC. The cells were cultured in Gibco Dul-
becco’s Modified Eagle Medium (DMEM, Gibco) supplemented with
10% fetal bovine serum (FBS, Meisen CTCC), 1% glutamine (Gibco) and
1% penicillin-streptomycin (Gibco) in a humidified atmosphere with 5%
CO, at 37°C.

Chemicals and drugs

Tetrathiomolybdate (TTM), tetraethylenepentamine (TEPA), dimethyl
sulfoxide (DMSO), cuprous chloride (CuCl), cupric Sulfate (CuSO,),
magnesium chloride (MgCl,), zinc sulfate (ZnSQ,), iron (II) sulfate
(FeSO,), manganese chloride (MnCl,), nickel chloride (NiCl,), cobalt
chloride (CoCl,) ions or ammonium molybdate ((NH4);M00,), iso-
propyl B-D-thiogalactoside (IPTG), colchicine, thymidine (TdR), and
doxycycline (Dox) were also obtained from Sigma Aldrich, USA.

Plasmid construction, transfection and infection

The full-length human ATOX1, CTR1, CDK1, CCNB1, COX17 and CCS
coding sequences were individually amplified using the cDNA mix
from HepG2 or HEK293T cells and subcloned into the expression
vector pcDNA3.1-3xHA. The coding sequences of the CDK1 and CCNBI

were subcloned into the overexpression vector pCDH-CMV-Flag
(MiaoLing Plasmid Sharing Platform, China). Mutant forms of CDK1,
CCNBI, CTRI and ATOXI expression plasmids were created by site-
directed mutagenesis. The full-length human ATOX1, CDK1, or CCNB1
coding sequences were also subcloned into the pcDNA3.1-BiFC-A or
pcDNA3.1-BiFC-B vectors, which were gifted by Dr. Ze Yu, Wenzhou
Medical University. Tet-puro-pLKO-shCDK1, pLKO-shCCNBI and pLKO-
shCTRI plasmids were created through subcloning of annealed specific
primers (All sequences of oligonucleotides are listed in Supplementary
Table 1). Cell transfection was carried out using Lipofectamine 2000
(Thermo Fisher Scientific, USA). CDK7 knockdown cells were gener-
ated using CRISPR-Cas9 technology. Lentiviral particles were packaged
used to infect HEK293T or HepG2 cells. After 24 h, the media were
replaced with fresh media containing puromycin (2 pg/mL), depend-
ing on employed lentiviral vectors.

Western blot analysis

Cells were lysed with cold RIPA buffer (Beyotime, China) containing a
protease inhibitor cocktail (Bimake, USA) for 10 min. Protein con-
centration was determined using a BCA protein assay reagent (Beyo-
time, China). Equal amounts of total protein extract were loaded and
separated by SDS-PAGE and transferred to nitrocellulose membranes.
The membranes were then blocked with 5% non-fat milk or BSA and
incubated with primary antibodies (All antibodies are listed in Sup-
plementary Table 2) overnight at 4 °C with primary antibodies. After
washing with TBST, the membranes were incubated with horseradish-
peroxidase-conjugated secondary antibodies (1: 3000, Sigma Aldrich,
USA). Immunoblotted protein bands were visualized using chemilu-
minescent substrate (ECL, Tanon™) and imaged using the Tanon
Chemiluminescent Imager (Tanon, China).

Co-immunoprecipitation (co-IP)

HepG2 cells were lysed using Pierce IP Lysis Buffer (Thermo Scientific,
USA) according to the manufacturer’s instructions. Primary antibodies
(1-10 pg) were incubated with Dynabeads™ magnetic beads (1.5 mg)
using the Dynabeads™ Protein G Immunoprecipitation Kit (Invitrogen,
USA). The antigen-containing sample (100-1,000 uL) was added and
incubated at room temperature for 10 min to allow binding. The beads-
antibody-antigen complex was washed with washing buffer and ana-
lyzed by western blot.

Immunoprecipitation (IP) analyses

Cultured cells were transfected with HA-CDKI WT or CBM plasmid and
Flag-CCNBI WT or CBM plasmid. Stable cell lines expressing Flag-CDK1
or CCNB1 were generated first and then transfected by HA-ATOX1,
CCS, or COX17 plasmids. After 48 h, the cells were washed with pre-
chilled PBS and lysed with BeyoLytic™ Mammalian Active Protein
Extraction Reagent (Beyotime, China). The cell lysate was centrifuged,
and the supernatant was incubated with anti-Flag or anti-HA magnetic
beads (Bimake, USA) overnight at 4 °C. The beads were washed and
then analyzed by western blot.

Recombinant protein purification

The pGEX-based vectors or His-based vectors carrying GST-CDK1, GST-
CDK1 mutants, GST-CCNB1 WT (or FL), F1 and F2, GST-CCNB1 mutants,
GST-ATOX1, GST-p53, GST-H1.4, His-CCNB1 and His-ATOX1 were
expressed transformed into BL21 (DE3) E. coli. The bacteria were cul-
tured and induced with IPTG to express the proteins at 16 °C. The
recombinant proteins were purified using Glutathione resin (Gen-
Script) or High Affinity Ni-Charged Resin (GenScript).

In vitro copper binding

Purified GST-CDK1 or its mutants, GST-CCNB1 WT, F1, F2 or its other
mutants and GST-ATOX1 proteins (10 pg) were incubated with 50 pL
Profinity IMAC resin (Bio-Rad, USA) charged with or without 100 mM

Nature Communications | (2025)16:2288


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-57538-7

copper (CuSO,) at 4 °C for 2 h. HepG2 cells were lysed, and the cell
lysate was incubated with Profinity IMAC resin charged with or without
copper at 4 °C. The precipitates were collected and analyzed by wes-
tern blot™.

In vitro kinase assays

The 0.6 pg recombinant GST-p53 or GST-H1.4 and 1.4 ug GST-CDK1 or
its mutants were incubated in 180 pL of kinase buffer (2 mM dithio-
threitol (DTT), 25mM Tris-HCI pH 7.5, 0.5mM NazVO,4, 25mM (-
glycerol phosphate (3-GP), 120 uM ATP with or without 20 mM MgCl,)
for 30 min at 22 °C. The reaction was conducted in the presence or
absence of 2.5 molar equivalents of copper (CuSO4) with a six-step
titration of TTM ranging from 0-100 uM or TEPA ranging from O to
50 pM, and a fixed concentration of 5 uM Cu. The mixed sample was
analyzed by western blot using p53, p-p53, H1.4, p-H1.4, CDK1 and
CCNBI antibodies.

In vitro protein pulldown assay

Recombinant fusion proteins of GST-ATOXI1, His-CCNB1, GST-CDK1
and His-ATOX1 were purified as previously described. Approximately
100 ug of GST-Vector or GST-ATOX1 was incubated with His-CCNBI, or
His-SUMO control and His-CCNBI was incubated with GST-ATOX1, or
His-SUMO control and His-ATOX1 was incubated with GST-CDK1 in a
1 mL binding buffer system (50 mM Tris pH 7.5, 100 mM NaCl, 0.25%
Triton X-100, 35 mM B-ME) for 4 h at 4 °C. Subsequently, 40 pL of pre-
equilibrated glutathione agarose or Ni agarose was added, and the
samples were incubated together at 4 °C for 2-4 h with gentle rocking.
The samples were then centrifuged at 200 g for 5 min, washed 5 times,
and then analyzed by western blot.

Isothermal titration calorimetry (ITC)

ITC experiments were performed with an ITC200 instrument (Micro-
Cal). In a typical run, 20 automated injections of 2 uyL CuSO, with 120 s
breaks between injections were made at 25 °C and 1,000 rpm stirring
speed in a low feedback mode. The protein concentration was 10 uM,
while the CuSO, concentration in the syringe was 150 uM. The buffer
was PBS, and the buffers for the syringe Cu and the protein sample
were identical. Data integration, fitting and evaluation were performed
using the software OriginTM 7 with the ITC200 plugin provided by
MicroCal/Malvern Panalytical.

Bimolecular fluorescence complementation (BiFC) assay

To explore the interaction between ATOX1 and CCNB1 or CDK1, BiFC
assays were performed®. HepG2 cells were transfected by BiFC con-
structs encoding the N- and C-terminal Venus fused to the CCNBI,
CDK1 or ATOXI genes. Positive and negative controls were transfected
in parallel. After 24 h, the cells were washed, stained with Hoechst, and
observed under a fluorescence microscope (Leica DMI3000B,
Germany).

Cell cycle synchronization assay

For S phase synchronization, HEK293T cells were treated with 2.5 mM
TdR for 24 h (first block), and then incubated with fresh medium for
9 h (first release). Subsequently, cells were subjected to another round
of TdR treatment (second block). HepG2 cells were treated with
2.5 mM TdR for 28 h, followed by incubation with fresh medium for 3 h.
Additionally, HepG2 and HEK293T cells were treated with 0.7 or 1 pg/
mL colchicine for 7 h to synchronize the cells to G2 phase.

Flow cytometric analysis

Cells in S phase were treated with 20 uM Cu, Zn, Fe, Mn, Ni, Co, Mo or
Mg salt, 20 pM TEPA, or 50 pM TTM after replacing the medium. The
cells of all treatment groups (expressing CDK1 WT or CBM in with
inducible CDK1 knockdown, CCNB1 WT or CBM with CCNBI knock-
down, ATOX1 WT or CBM with ATOX1 knockdown, CTR1 WT or CBM

with CTRI knockdown, shNC or shATOXI and shNC or shCTRI) were
individually collected and tested by a DNA Content Quantitation Assay
Kit (Solarbio), and then subjected to cell-cycle analysis using a flow
cytometer (Beckman, USA). In addition, synchronized cells in G2 phase
were also collected and subjected to the same flow cytometer for cell-
cycle analysis.

Fluorescent ubiquitination-based cell cycle indicator

(FUCCI) assay

The FUCCI assay*® was employed to visualize cell cycle phases of
HepG2 and HEK293T cells. PCR amplification was conducted from the
pBOB-EF1-FastFUCCI template, followed by homologous recombina-
tion with the LV3 overexpression vector to generate plasmids of LV3-
mKO2-hCdtl (green) and mAG-hGem (magenta). After the lentiviruses
were packaged, cells were infected with the lentiviral particle-
containing medium to obtain cells incorporating the FUCCI reporter
system. Subsequently, cell cycle synchronization was performed, fol-
lowed by treatment with Cu, TTM and TEPA in the different cell lines,
or transfection by CDK1 WT or CBM expressing plasmids into shCDK1
cells, or transfection by CCNB1 WT or CBM expressing plasmids into
shCCNBI cells, or transfection by CTR1 WT or CBM expressing plas-
mids into shCTRI cells. The progression of the cell cycle phase was
observed and photographed under a fluorescence microscope
(DeltaVision).

Size exclusion chromatography (SEC)

SEC was performed using a Superdex™ 75 10/300 GL column (Cytiva)
and an AKTA purifier (Cytiva)®’. Purified proteins in DTT-PBS buffer
were loaded onto a 5x4mL desalting column (Biosharp) with
ultrasound-degassed DTT-free buffer. To prepare the Cu-form pro-
teins, the fully reduced DTT-free apo-CDK1, apo-CCNB1 WT or CBM,
apo-MEMOI1 and apo-ATOX1 proteins were immediately incubated
with copper (CuCl) for 1h. Excess copper was then removed using a
desalting column. Both apo- and Cu-proteins were prepared using PBS
at a concentration ratio of 6: 1 and volume ratio of 1: 1 and incubated at
4°C for 30 min. Samples were injected using a 1 mL syringe and a
100 pL sample loop. The flow rate was set to 0.5 mL/min, and protein
elution was monitored by absorption at 280 nm. Fractions were ana-
lyzed for copper contents using inductively coupled plasma-optical
emission spectrometry (ICP-OES). A BACTRON™ Anaerobic/Environ-
mental Chamber was used to establish anaerobic conditions, and O,
levels were measured using the Intell Instruments Pro AR8100 Oxygen
Detector.

Inductively coupled plasma-optical emission spectrometry
(ICP-OES)

10 ug of recombinant proteins was acidified by 2 mL of concentrated
nitric acid and incubated at 120 °C for 4 h. After acidic digestion,
samples were diluted with 2% nitric acid and analyzed for copper
content using ICP-OES (Optima 8300) in kinetic energy discrimination
mode against a calibration curve of known copper concentrations.

Molecular dynamics (MD)

MD simulations were conducted for CDK1, CCNBI1 and their corre-
sponding mutants. The GROMACS MD package® (version 2018) and
the AMBER99SB-ILDN force field*®> were employed for all MD simula-
tions. Four cubic boxes with native and mutated CDK1 (9 x 9 x 9 nm?)
or CCNBI (8 x 8 x 8 nm?®) that were obtained from PDB ID 4Y72 were
initially constructed and filled with TIP3P water models. CDK1 and
CCNBI molecules carried +1e and +3e net charges, respectively, and
thus 1CI and 3CI were accordingly inserted as counterions for CDKI1,
CCNBI1 and their mutants. A cutoff distance of 1.0 nm was set for short-
range electrostatic and van der Waals interactions. Long-distance
electrostatic interactions were calculated using the Particle Mesh
Ewald (PME) method®. The LINCS algorithm was employed for
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covalent bond length constraints. The V-rescale thermostat and
C-rescale barostat were utilized for temperature and pressure cou-
plings, respectively. Energy minimizations were performed using the
steepest descent algorithm. Subsequently, the systems were equili-
brated in NPT ensembles for 0.1ns (T =298 K and P =1.0 bar), with the
positional restraints applied to the protein molecules. A simulation of
100 ns was carried for each system after NPT equilibrium and the
timestep for the simulations was 2 fs. The convergence of the system
was determined according to the energy, the RMSD of the protein
molecule and the fluctuation of the secondary structures. The trajec-
tories of all proteins were analyzed and visualized with the GROMACS
MD package (version 2018) and VMD software, respectively”. The
initial and final configurations of CDK1 WT, CBM or CCNB1 WT, CBM
are shown in Supplementary Data 1.

Mass spectrometry (MS) and data analysis

HepG2 cells were synchronize to the S phase and then released into the
G2 phase after 3h. Subsequently collected cells were performed
nuclear and cytoplasmic separation with the NE-PER™ Nuclear and
Cytoplasmic Extraction Reagent Kit (Beyotime, China), followed by
binding to a Cu-charged resin for 2 h at 4 °C. The protein was then
eluted and the lysate was subjected to SDS-PAGE. The strip was cut into
1 mm?® cubes, followed by in gel enzymatic digestion (trypsin was
purchased from Sigma of a proteomics grade, protein: trypsin ratio =
20: 1) and desalination of the resulting peptide using a C18 column,
redissolved in 0.1% formic acid solution (Thermo Scientific, USA).
Redissolved samples were injected into an Easy column (SenSil C18-
AQ, Fresh Bioscience, China) and separated using the Easy nLC 1200
NL HPLC liquid phase system (Thermo Scientific, USA). Mobile phase A
consisted of a 0.1% formic acid aqueous solution, while mobile phase B
was an 80% acetonitrile solution (Thermo Scientific, USA) containing
0.1% formic acid. The samples were gradient-elution at 250 nL/min for
75 min, and then analyzed by mass spectrometry using Q-Exactive HF
(Thermo Scientific, USA). The ion source voltage was set to 2.4 kV, and
both the precursor ions and their secondary fragments were detected
and analyzed using the high-resolution Orbitrap. The MS1 scans at 300-
1650 m/z was acquired in the Orbitrap XL at 45,000 resolution setting;
MS2 scans at 100 m/z was obtained in the Orbitrap XL at 30,000
resolution setting. The data acquisition mode used the data-
dependent acquisition (DDA) procedure. Briefly, after the MS1 scans,
the first 20 peptide precursor ions with the highest signal intensity
were selected to enter the HCD collision pool for fragmentation with
32% of the fragmentation energy, and MS2 scans was also performed in
sequence. To enhance the effective utilization of the mass spectro-
meter, the automatic gain control (AGC) was set to 2¢°, with a max-
imum injection time of 100 ms, and the dynamic exclusion time of the
tandem mass spectrometry scan was set to 30 s to avoid repeated
scanning of precursor ions. In addition, the ion transfer tube tem-
perature was 320°C with an isolation window of 1.4 m/z.

All raw files were searched with Proteome Discoverer (v. 2.2
Thermo Fisher Scientific) against a database of human proteins
(Uniprotkb_taxonomy_id 9606_2024 09 _20.fasta, from March 13,
2018, containing 204,411 sequences). IT-generated HCD and CID
spectra were searched using the Sequest HT search algorithm with 10
ppm and 0.6 Da mass tolerances for the precursor and fragment ions,
respectively. Similarly, high-resolution OT-generated HCD spectra
were searched with a 10 ppm and 0.05Da mass tolerance. The
database search was limited to only fully tryptic peptides, with a
maximum of two missed cleavages and a minimum of 6 amino acid
residues for the peptide sequence length using the SEQUEST: Xcorr
as the scoring software. As a variable modification, oxidation (M) and
acetyl (K) were selected, and the quantitative method used label-free
quantification. At least one high-confidence peptide sequence was
required for protein identifications, and the data presented in this
study are at the 1% false discovery rate (FDR) level for proteins and

peptides. Data were derived from three biologically independent
experiments.

Statistical analysis

For all experiments, unless otherwise indicated, the sample sizes (n)
consisted of three biologically independent experiments. Data were
presented as means + standard error of mean (SEM). Unpaired two-
tailed Student’s ¢-test was performed for statistical analysis in the
Microsoft Excel or GraphPad Prism 7 software. Protein quantification
was performed using Image J. Values of P<0.05 were considered sta-
tistically significant.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The raw files were searched with a database of human proteins (Uni-
protkb_taxonomy_id_9606_2024_09_20.fasta, from March 13, 2018,
containing 204,411 sequences, https://www.uniprot.org/taxonomy/
9606). The structural information of CDK1 and CCNBI1 proteins were
obtained from Protein Data Bank (PDB ID 4Y72). The mass spectro-
metry data generated in this study have been deposited in the Pro-
teomeXchange Consortium via the PRIDE database and can be
obtained with accession code PXD054518. Source data are provided
with this paper.
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