UNIVERSITY OF LEEDS

This is a repository copy of Phosphorylation-induced unfolding regulates p19(INK4d)
during the human cell cycle.

White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/132698/

Version: Accepted Version

Article:

Kumar, A, Gopalswamy, M, Wolf, A et al. (3 more authors) (2018) Phosphorylation-induced
unfolding regulates p19(INK4d) during the human cell cycle. Proceedings of the National
Academy of Sciences of the United States of America, 115 (13). pp. 3344-3349. ISSN
0027-8424

https://doi.org/10.1073/pnas.1719774115

© 2018. This is an author produced version of a paper published in Proceedings of the
National Academy of Sciences of the United States of America. In order to comply with the
publisher requirements the University does not require the author to sign a nonexclusive
licence for this paper. Uploaded in accordance with the publisher's self-archiving policy.

Reuse

Items deposited in White Rose Research Online are protected by copyright, with all rights reserved unless
indicated otherwise. They may be downloaded and/or printed for private study, or other acts as permitted by
national copyright laws. The publisher or other rights holders may allow further reproduction and re-use of
the full text version. This is indicated by the licence information on the White Rose Research Online record
for the item.

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/



mailto:eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/

Phosphorylation-induced unfolding regulates p19'Nk4d during

the human cell cycle

Amit Kumart*4 Mohanraj GopalswaniyAnnika Wolf, David J. Brockwef, Mechthild

Hatzfeld?, Jochen Balbadht”

!Institute of Physics, Biophysics, Martinuther-University Halle-Wittenberg, 06120 Halle
(Saale), Germany

2 Astbury Centre for Structural Molecular Biology, School of Molecular and Cellular
Biology, Faculty of Biological Sciences, University of Leeds, Leeds LS2 9JT, UK
3Institute for Molecular Medicine, Patho-biochemistry, Mastinther-University Halle-
Wittenberg, 06097Halle (Saale), Germany

4Centre for Structure und Dynamics of Proteins (MZP), Mattither-University Halle-

Wittenberg, Germany

*Correspondence should be addressed to

Jochen Balbach Phone:  +49 345 55 28550
Institute of Physics, Biophysics FAX: +49 345 55 27161
Martin-Luther-University Halle- Wittenberg Email:  jochen.balbach@physik:uni
halle.de

D-06099 Halle(Saale), Germany



Abstract

Cell cycle progression is tightly regulated by cyetiependent kinases (CDKSs). The ankyrin-
repeat protein p1¥“d functions as a key regulator of G1/S transition, however, its molecular
mode of action is unknown. Here, we combine cell and structural biology methods to unravel
the mechanism by which p%*d controls cell cycle progression. We delineate how the
stepwise phosphorylation of pt% Ser66 and Ser76 by cell cycle independent (p38) and
dependent protein kinases (CDK1), respectively, leads to local unfolding of the three N
terminal ankyrin repeats of pt*%*d. This dissociates the CDK6-pt$*? inhibitory complex

and, thereby, activates CDK6. CDKG6 triggers entry into S-phase, where&%*$19
ubiquitinated and degraded. Our findings reveal how signaling-dependé¥t'p Li@folding

contributes to the irreversibility of G1/S transition.

Key words: cell cycle/p18'*“/protein unfolding/protein phosphorylation/NMR

spectroscopy



Significance

Cell cycle progression is tightly controlled in healthy organisms and often perturbed in human
diseases including, most prominently, in many forms of cancers. Cgefpendent protein
kinases (CDKs) and their inhibitors, such as'¥¥9, regulate the different stages of the cell
cycle. Here, we demonstrate how sequential phosphorylation 8 ffLat two sites first
destabilizes and then unfolds the N-terminal half of the protein, which dissociates its CDK-
inhibitory complex and primes p1'%* for cellular degradation. Our results define a structural
mechanism by which phosphorylatienduced protein unfolding controls a key step in cell

cycle progression.



\body

I ntroduction

Cell cycle progression from G1 to S-phase is tightly coupled to the transcriptional control of
genes involved in growth and DNA replication [1]. In mammalian cells, G1/S transition is
primarily mediated by the E2F family of transcription factors [2]. E2F proteins E2F1 to E2F8
form heterodimeric E2 promoter-binding-protein-dimerization partner complexes (E2F-DP)
with members of the distantly related DP family of proteins [3]. Most E2F proteins harbor
dedicated protein binding domains that interact with E2F targets upon phosphorylation [4] to
form inactive, ternary E2F-DP complexes [5] that stall cells in G1. Such cascades also prevent
cells from replicating damaged DNA [6]. To successfully enter S phase, CDK-cyclin
complexes [7] hyper-phosphorylate [5] and disrupting the BRRssemblies [8] and, in turn,
activate E2F-dependent gene expression necessary for G1/S transition (Figihesefpre,

CDKs such as CDK4/6 play major roles in cell cycle progression. CDK4/6 are controlled via
their regulatory subunits including D-type cyclins and specific cyclin dependent kinase
inhibitors (CKIs), of which two families are known. Specifically, CKls belonging to the INK4
family of proteins (p16%42, p18\Kab p18\K4c and p18*4d) (Figure 1) inhibit CDK4 and
CDKB6, whereas CKls of the Cip/Kip family (p@LWARL p27KPL p57KP2) gct on CDK2 and

other CDKs [7, 9, 10]. p1¥“d has distinct features compared to the other four members of
the INK4 family; mRNA and protein levels accumulate during S phase and sharply decline at
the onset of G2. High amounts of g¥9¢ inhibit CDK4/6-cyclin D activity and determine

the length of G1, also ensuring the directionality of cell cycle progression [7]. In ex@tigenti
growing U20S cells, p1¥“d is found to be phosphorylated at two sites, tentatively assigned
to Ser66 and Ser76 [11]. Additional regulation by ubiquitination appears to be restricted to

p19Vk4d and thought to involve Lys62 and depend on CDK4 binding. Given that cellular



concentrations of p1¥“? oscillate during the cell cycle, it has been proposed that regulated
modification events at these sites determine the fate of intracellul8{51a.1].

In—cell NMR allows the study of proteins and their post-translational modificatia®slular
environments [12-14]. Alternatively, purified isotope-labeled proteins of interest may be
added directly to unlabeled, native cell lysates to study how endogenous cellular proteins such
as kinases, phosphatases or proteases act on them [15, 16]. Here, we adopted the latter
approach to gain mechanistic insights into the phosphorylation behavior-&drigth human
p19NK4d and to interrogate structural and functional consequences of such modifications. We
show that p19%4d Ser66 and Ser76 are phosphorylated by cellular p38 and CDK1 in a strictly
stepwise and cell cycle-dependent manner. In responsé\¥f1%cally unfolds and
dissociates from CDK®6, which triggers Lys62 ubiquitination and, ultimately, leads to cellular
p19NK4d degradation. Hence, we demonstrate how the combined use of cell biology and NMR
spectroscopy enables novel insights into the molecular mechanisms that regul$t¥' p19

activity during cell cycle progression..



Results

p19'NK4d phogphorylation at Ser66. p1INK4d is an ankyrin-repeat (AR) protein that harbors
five evenly spaced helix-turn-helix motifs AR1 ad9, AR2 aa5462, AR3 aa7795, AR4
aall16128, and AR5 aal4259 (Fig 1A). AR1 and AR2 mediate inhibitory CDK4/6 binding
[17]. Phosphorylation of Ser66 and Ser76 within the linker region connecting AR2 and AR3
is thought to regulate pf¥*? activity, but kinases that modify these sites have not been
identified. We expressed and purified fldhgth human p19<“? (residues 4166) from E.

coli and added the recombinant protein to lysates that we prepared from various cultured cell
lines, e.g. HelLa, U20S, HER93 grown asynchronously, and from Drosophila melanogaster
embryos.3?P-incorporation and autoradiography exposure confirmed phosphorylation by
endogenous enzymes (Figure S1A). To identify respectivd§1 @hosphorylation sites, we
similarly prepared®N-isotope labelled protein that we added to corresponding lysates for 3
h, before we directly recorded 2BI-°N HSQC (heteronuclear singlguantum coherence)

and 1D*'P NMR spectra on the resulting lysate mixtures. The NMR resonance assignment of
p19NK4d has previously been reported [18] (Figure S2F). Because NMR chemical shifts are
sensitive indicators of residue-specific chemical environments, phosphorylation-induced
chemical shift changes conveniently identify the respective modification sites. One added
benefit of detecting protein phosphorylation by NMR is that conformational rearrangements
occurring in response to such modifications result in additional chemical shift changes that
are readily interpretable also in structural terms. Incubation d¥f§19n eachof the four
lysates resulted in the phosphorylation of 19, manifested by pronounced chemical shift
changes of &66 resonance signals (Figure 2A, shown for Hela cells lysate, and Figures
S1B-D). Although residues close to Ser66 also displayed slight alterations in their cross peak
positions (red in Figure 2A), other g% serines, including Ser76, were unaffected. These
results indicated that all five ankyrin repeats remained structurally intact upon Ser66

phosphorylation. In the 18P NMR spectrum, phospho-Ser66 gave rise to a characteristic
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new resonance a ppm, which was clearly offset from the bulk phosphate-buffer signal at

2 ppm (inset in Figure 2AWe confirmed the presence of a single protein-phosphate moiety

by MALDI-TOF mass spectrometry (Figures S2A and B). To verify the identity of Ser66 as
the primary phosphorylation site, we repeated these experiments with alanine-substituted,
mutant p19'%4 (e.g. S66A). We neither detect&® incorporation, nor the appearance of the
31P_NMR resonance signal at -2 ppm. These data confirmed that endogenous kinases in lysates
prepared from asynchronously growing mammalian cells, or from Drosophila embryos,

phosphorylated p1¥“d at Ser66.

Stepwise phosphorylation of Ser66 and Ser 76 induces local unfolding. Having preformed

the previous set of experiments in lysates of asynchronously growing cells, we were unable
to delineate cell cycle-specific contributions to the observed phosphorylation reaction. To our
surprise, we also did not detect endogenousVffdn our lysates (Figure S2C, lane 1).
Because G1/S transition is tightly controlled by CDK4/6 and INK4, we speculated that the
kinase targeting p1¥“d might only be active in a fraction of our collected cells, specifically
those in S-phase. To test this hypothesis, we subjected HelLa cells to a double thymidine block
to arrest them in S-phase [19]. We detected abundant amounts of endogefttfsipi8ese
lysates (Figure S2C, lane 2). Upon thymidine removal and G2 relead®plyels dropped

below the detection limit within 6 h (Figure S2C, lane 3 and 4). These findings reaffirmed
earlier studies with proliferating cells [20] that cellular ' concentrations were highest

in S-phase and virtually absent in G1, thus consolidating the notion of a genuine oscillatory
behavior.

Next, we sought to investigate g1¥“ modifications in lysates of S-phase arrested c&fs.
incorporation and autoradiography exposure confirmed“{ff9hosphorylation (Figure

S2D). 1D3P NMR experiments revealed the previously observed phospho-resonance at -2

ppm, plus a new signal at +4 ppm suggesting the presence of a second modified residue under
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these conditions (inset in Figure 2B). MALDI-TOF mass spectrometry indeed confirmed
phosphorylation of p1¥“? at two sites (FigureS2A and E). To also interrogate possible
structural changes of doubly phosphorylated5%, we recorded 2BH-°N HSQC spectra

on exogenously added, isotope-labeled protein in lysates of S-phase arrested HelLa cells
(Figure2B). Surprisingly, we found all p1%“? residues of AR1, AR2 and AR3 at new peak
positions, narrowly dispersed around 8 ppm. along the proton dimension (Figures 2B and
S2F). Such NMR features are highly characteristic of unfolded protein states. By contrast,
residues within AR4 and AR5 exhibited no chemical shift changes indicating that these
ankyrin repeats remained folded upon dual¥9 phosphorylation. Having established that
Ser66 likely constituted one of the modified PX¥' residues, we set out to identify the
second phosphorylation site. To this end, we mutated Ser76 to alanine (S76A) and repeated
the S-phase lysate NMR experiment. 2D°N HSQC spectra showed that ARZIresidues,

along with those of AR4 and AR5, maintained their original cross peak positions, hinting
towards the structural preservation of all ankyrin-repeats (Figures 3F and S2G). Moreover, we
clearly detected Ser66 phosphorylation in S76A "$49 suggesting that primary
phosphorylation of this site was not affected in the mutant background. Together, these results
led us to conclude that Ser76 constituted the seconti*pienodification site in S-phase
arrested cell extracts, that phosphorylation of Ser66 pursued independent of Ser76
modification, and that double phosphorylation of Ser66 and Ser76 resulted in local unfolding
of ankyrin repeats-B.

To confirm that the observed conformational changes were indeed due to phosphorylation,
and to test whether local AR1-3 unfolding was reversible, we added a non-specific alkaline
phosphatase to Ser66-, Ser76-modified 59 Dephosphorylation resulted in the
disappearance of phosphwotein resonances in 1P NMR spectra (inset in Figure 2C) and
recovered all p1'8¢4d resonances at their original cross peak positions ifHREPN HSQC

spectra (Figure 2C and 3C). These experiments confirmed that i) double phosphorylation
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caused unfolding and ii) that unfolding was fully reversible. They further excluded
contributions by other post-translational protein modifications, which may have remained

undetected in lysate NMR experiments.

p38 and CDK1 phosphorylate Ser66 and Ser76, respectively. We observed Ser66
phosphorylation in lysates of asynchronously growing cells, as well as in lysates of cells
arrested in S-phase, which suggested that this modification is mediated by a kinase that is not
stringently cell cycle-regulated. By contrast, we only detected Ser76 phosphorylation in S-
phase lysates, arguing for an enzyme with cell cycle-specific actiigyidentify the
respective kinases that modified Ser66 and Ser76 dt§19we treated S-phase lysates with
different kinase inhibitors. Compounds targeting CDK1, CDK4 or protein kinase A (PKA)
did not affect Ser66 phosphorylation (Figures S3@). By contrast, selective inhibition of

the constitutively expressed kinase p38 [21-23] abolished its modification (Figures 3E and
S3D). We further confirmed p38 selectivity and specificity in reconstituted kinase reactions
with isolated wild-type and S66A-mutant g¥¥¢ (Figure S3E). Furthermore, in an
autoradiography experiment, g4 S66A remained silent (Figure S3E). p38 is a stress-
activated MAP kinase protein family and we found Ser66 to get phosphorylated under various
conditions not related to the cell-cycle. Therefore, p38 may not be the only kinase that
phosphorylates Ser66.

Following a similar approach, we found that different CDK1 inhibitors abolished Ser76
phosphorylation, whereas modification of Ser66 was unperturbed (Figures 3D, S4A and S4B)
In earlier studies, CDK2 was found to phosphorylate Ser76 in DNA damage response [24]
The here used CDK1 inhibitor IV inhibits CDK2 to some extend at elevated concentrations
[25] but specific CDK1 inhibitor 11l does not [26]. Sole inhibition of CDK2 by inhibitor | (Fig
S4C) and, sexpected, treating S-phase cell lysates with CDK4 or PKA inhibitors showed no

effects (Figures S4D arf8dE). Together, these results suggested that predominantly CDK1
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mediated Ser76 phosphorylation. Accordingly, we found that CDK1-cyclin B reconstituted
kinase reactions modified wild-type but not S76A-mutantt549 (Figure S5A). CDK1, in
complex with cyclins A, B, D or E, functions as a key cell cycle regulator [27-29] (4

exhibits several features of a canonical CDK1 substrate [30]. It harbors multiple serine or
threonine residues followed by a proline, e.g. minimal Ser/Thr-Pro motifs, including Ser66,
Ser76 and Thrl141, and it contains a classicalXrd.eu CDK docking site, which all remain
accessible even when g% is bound to CDK4/6 (Figure 1, left). To further substantiate the
role of CDK1 in Ser76 phosphorylation, we arrested HelLa cells in M-phase, in which
CDK1/cyclin B activity is the highest, and prepared lysates to which we déMdasotope-
labeled p19'%4d. 2D NMR experiments revealed local unfolding of AR1manifested by
spectral characteristic that were indistinguishable from results in S-phase arrested cell extracts
(Figures S5BS5D). Indeed, NMR spectra of isotope-labeled "849 in reconstituted
mixtures of isolated p38and CDK1/cyclin B showed identical features (Figures S6A - F).

In summary, our combined results strongly suggested that p38 and CDK1 constitute the

cellular kinases that phosphorylate Ser66 and Ser76 84 gespectively.

p19'NK4phosphorylation is a two step process. Having identified p38 and CDK1 as likely
kinase candidates for cellular g9 phosphorylation, we set out gain mechanistic insights

into the Ser66 and Ser76 modification process. Specifically, we asked whether Ser76
phosphorylation required Ser66 modification as a preceding event. We had found that
phosphorylation of Ser76 did not occur in the S66A-mutant background (Figure 3G) or upon
p38 inhibition in S-phase cell lysates (Figures 3H, S7A, and S7B), thus raising the possibility
that Ser66, Ser76 phosphorylation may constitute a hierarchical, sequential process. Protein
phosphorylation sites are generally located in accessible loop and linker regions of folded
substrates [30]. In p2¥“4d, Ser66 is surfacexposed whereas Ser76 is part of the helical AR3

motif and rather occluded (Figure 1, left). As mentioned above, Ser66 phosphorylation led to
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several NMR chemical shift changes of residues in its vicinity (Figure\®a)hypothesized

that these reported on local destabilization of 59 residues surrounding the modification

site, probably via repulsive electrostatic interactions of the Ser66 phosphate moiety and the
negative charge of the net dipole moments at the C-terminal ends of helices 4 and 6 in AR2
and AR3, respectively (Figure 2A and arrows on the correspondirtf‘ffi€tructure). In
agreement with this model, residues in these helices displayed the largest chemical shift
changes upon Ser66 phosphorylation (Figéte Zo assess the degree of helix destabilization

in response to Ser66 modification, we performed proton-deuteron (H-D) backbone amide
exchange experiments by NMR. AR3 and AR4 residues in wild-typ&'34®xhibited
protection factors above i1QFigure S7C and [31]), which reduced significantly upon
phosphorylation (red in Figure S7D and Figures S7E and F). Surprisingly, even though
p19NK4d residues within AR1, 4 and 5 did not show chemical shift changes when Ser66 was
phosphorylated, we measured greater solugfile proton exchange at these ‘remote’
structural elements, synonymous with lower thermodynamic stabilities in the presence of
modified Ser66. Based on these findings, we hypothesized that extended structural
destabilization may provide the necessary access for Ser76 phosphorylation by CDK1 (Figure
1). Local unfolding of AR13 may then occur due to additional breaking of hydrogen bonds,

such as the one between Ser7&@ V69 O', for example.

Phosphorylation dissociates the CDK6-pl19'NK4d complex. How does p19k4d
phosphorylation correlate with its function as cell cycle regulator? The crystal structure of the
inhibitory CDK6-p19Nk4d complex reveals its molecular architecture [17] but it had remained
unclear how the assembly dissociates and whethef*f49modifications affected this
process. Therefore, we examined P19 phosphorylation in context of the assembled
CDK6-p19NK4d complex. In vitro pull down assays showed that unmodifiedN o

specifically bound to GSTCDK6 [31], whereas doubly phosphorylated P18 did not
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(Figure 4A), likely because a folded AR interface is required for CDK6 binding (Figure

1, left). In a second experiment, we followEtl-p19N%4d binding to unlabeled CDK6 by
NMR spectroscopy. As we expected from the crystal structure of the compl&*HpaR1

and AR2 residues exhibited pronounced chemical shift changes upon addition of CDK6
(Figures 4B and C). No chemical shift changes were observed when we added CDK®6 to
doubly phosphorylated pf¥%4¢, which confirmed the absence of binding and recapitulated
our pull-down results. When we treated assembled CBKBp19NK4d with S-phase arrested

cell lysates, 2D NMR spectra revealed local unfolding of AR1-3 similar to the isolated protein
upon Ser66 and Ser76 phosphorylation (Figure 4D, middle). Inde€dP NIMR spectra and
radioisotope incorporation experiments confirmed the presence of both modifications (Figure
4D, bottom). We concluded that g1%¢ double phosphorylation and subsequent local

unfolding dissociated the p*%*9-CDK6 complex.

Ubiquitination requires p19'NK4d ynfolding. Many proteins turn into E3 ubiquitin ligases
substrates upon phosphorylation causing them to be degraded by thelep&Rdent
ubiquitin/proteasome system [32, 33]. Here, we showed that*f4@hosphorylation at
Ser66 and Ser76 caused local unfolding of AR1-3, which, in turn, released the protein from
CDK6. What was the cellular fate of free doubly modified'P¥9? We reasoned that the
locally unfolded protein may become ubiquitinated and eventually degraded, which would
explain the rapid disappearance of endogenou&'{#19n lysates of cells released from S-
phase arrest (Figure S2C). Indeed, this drop of endogenoti§“p16ével upon thymidine
removal and G2 release could be prevented by CDK1 inhibition during S phase (Figure 5),
confirming the coupling between Ser76 phosphorylated'{¥foand its cell cycle- dependent
degradation.

In line with this model, we expected AR1-3 unfolding to also expose Lys62, a canonical

ubiquitination site of p194d, To test this hypothesis, we performed in vitro ubiquitination
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assays with S-phase arrested cell lysates and pre-phosphorylatéd®p¥@e did not detect
ubiquitination of unmodified or Ser66-phosphorylated protein. Only Ser66 and Ser76-
phosphorylated p1¥“? was evidently modified (Figure S8). As expected, neither S66A nor

S76A-mutant p19“dwas ubiquitinated.

In summary, these findings (Figure 6) suggested that cellular ubiquitination'"¥f81i&ely
depended on its phosphorylation and concomitant structural state. In support of our
hypothesis, we concluded that cell cycle-dependent, stepwise phosphorylation of Ser66 and
Ser76 induced local unfolding of AR3, which, in turn, dissociated p%*® from CDK6 and
exposed Lys62 for subsequent ubiquitination, which likely served as the signal for

intracellular degradation.



Discussion

To initiate G1/S transition, CDK4/6 phosphorylates trigger factors such as the retinoblastoma
Rb protein, which in turn release E2F transcription factors required for cell cycle progression
(Figure 1). Unmodified p1¥“? binds CDK4/6 and inhibits its function [34]. Multisite
phosphorylation of INK4 proteins such as ¢ and p18'%“c in asynchronously growing

cells has been observed previously [11, 34] and characterized in vitro by Ser to Glu
substitutions mimicking phosphorylation [35], but the functional consequences of these
modifications remained enigmatitlere, we established that phosphorylation of "9

Ser66 by p38 kinase broadly destabilizes N-terminal ankyrin repeats, which appears to
constitute a necessary priming event for the stepwise modification of Ser76 by CDK1. Double
phosphorylation induces local unfolding of 8499 ankyrinrepeats 1-3, which dissociates the
inhibitory CDK4/6-p19'%4d complex. In turn, modified, free and unfolded Pf#4' undergoes
ubiquitination, which predestines the protein for cellular degradation. A schematic summary
of this process is depicted in Figure 6. One key feature of this model is the switch-like function
that the cell cycle-dependent protein kinase CDK1 imposes on the network. Clearly, CDK1-
mediated phosphorylation of p'$*d Ser76 appears to determine the functional outcome of
the entire regulatory hub. In the absence of CDK1 activity, and Ser76 phosphorylation,
p19NK4d plocks cell cycle progression by binding to CDK4/6 and, thereby, inhibits their
functions. In this regard, the cell cycle-independent, primary phosphorylation ®f4919
Ser66 maintains the system in a poised state that is primed for activation by CDK1. Once
CDK1 activity is triggered, p1¥“? Ser76 phosphorylation frees CDK4/6 for transcriptional
activation cumulating in cell cycle progression. At the same time, doubly phosphorylated
p19Vk4d yndergoes ubiquitination and eventual degradation, which ensures the irreversibility

of the process and, by proxy, the directionality of the cell cycle.
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Maybe one of the most striking features of this regulatory network is its structural component.
Whereas phosphorylation of the primary Pf#' substrate site (Ser66) destabilizes structured
ankyrin repeats more globally and, thereby, ‘enables’ secondary site (Ser76) modification, the
actual phosphorylation event ‘executes’ the functional reprogramming step, which is largely

driven by a local lossf-structure mechanism. Unfolding not only disrupts the CDK4/6-
p19NK4d complex and, thereby, activates these kinases, it also exposes the previously buried
p19NK4d | ys62 residue for ubiquitination, which initiates 49 degradation and clearance.

At this level of post translational modifications, differences between the four INK4 members
are evident, which are not related to the cell cycle dependent mRNA levels [2014P18
declines much more slowly as cells advance through G1/S phase comparetftty.pilige

major ubiquitin acceptors Lys46 and Lys112 are buried ifff8nkyrin repeats AR2 and

AR4, and this INK4 member lacks any S/T-P motif. Therefore, we speculate that the much
shorter cellular half-life of pI¥“d results from the here disclosed mechanism of Lys62
exposure.

Differences in the thermodynamic stabilities of individual ankyrin repeats in other AR-
containing proteins were found to determine the folding pathways [31] of theBNkhibitor

IxBa [36], the Notch receptor [37] and tANK [38]. However, these examples undergo
structural rearrangements in absence of post-translational modifications. Phosphorylation-
induced unfolding of p1¥“d is uniquely mediated by two sequential modification steps,
which jointly dissolve the N-terminal half of this classically folded protein domain. To our
knowledge, there exists only one other example of phosphorylation-mediated destruction of a
fully structured protein entity, which is the KH1 domain of thda&mology splicing regulator
protein KSRP [39]. In that case, insertion of a negative charge at a single serine residue
(Ser193) disrupts the globular KH1 fold and, in turn, exposes a linear sequence motif that

confers nuclear trans-localization of KSRP.



The S/TP motif is conserved in the consensus sequence of ankyrin repeats, which structurally
well aligns e.g. the INK4 members (19, p18\Kic, p1gNKea p18NK4) with GABPB,
myotrophin, and 53BP2 [18, 40]. Ser66 is not conserved in any of the other homologs and
therefore unique as priming site for p¥8° phosphorylation. The transcription factor GABP

B subunit contains 4 ankyrin repeats and it has been speculated that MAPK/ERK mediated
phosphorylation involves the S/T-P motifs AiR2 (Ser39-Pro40) and AR3 (Thr73-Pro74)
[41], the latter corresponds to Ser76-Pro77 in{54@ Along the same lines, among the four
ankyrin repeats in myotropin only AR3 harbors such a motif at Thr70-Pro71, and its
phosphorylation has been discussed during initiation of cardiac hypertrophy [42].

Within these structural homologs, only p49° contains one further S/P-motif at position
Thrl41-Prol42. This threonine was found to be phosphorylated by PKA as DNA damage
response following e.g. UV irradiation or cisplatin treatment of cells Rgltative priming

site is Serl30 between AR5 and AR6 at a structural position homologues to Ser66.
Destabilization of scaffold repeats AR5 and ARG6 [31, 35] might cause the same unfolding of
pl9NK4d and genotoxic stress induced CDK4/6 release, a hypothesis, which has to be
experimentally addressed in the future. These examples document that phosphorylation
induced unfolding of ankyrin repeats, typically involved in prefgotein interactions, and

as delineated in molecular detail here for'¥#d, might represent an evolutionary conserved

principle in cellular signaling.
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Materials and Methods

Protein expression and purification. p19Nk4d wild type (wt) and mutants were expressed in
BL21(DE3) plysS cells and purified as described [31] and further details are provided in Sl
Materials and Methods.

Céll lines and synchronization. Cervical carcinoma (HelLa), human embryonic kidney 293
(HEK-293) and human osteosarcoma (U20S) cells were employed and synchronization was
achieved by double incubation with thymidine (S-phase) or Nocodazole (M-phase). All details
are described in SI Materials and Methods.

Protein assays. The kinase assay was performed by incubating cell lysatel(thg/ml total
protein concentration) of exponentially growing or synchronized cells in the presettBe of
ATP (5uCi*?P—y—ATP) and cAMP (5 pM) with 30 pg of pf¥%4d for 3 h at 37 °C. Aliquots

of the mixtures were analyzed by SBPRAGE and labeled polypeptides were detected by
autoradiography. Further details together with the in vitro kinase assay with isolated p38 or
CDK1/cyclin B1, the CDK6-p18X4d pull-down assay and the g ubiquitination assay

are given in Sl Materials and Methods.

NMR spectroscopy experiments. The cells were lysed as mentioned above in the presence

of kinase assay buffer, protease inhibitors and phosphatase inhibitors. The lysate was collected
by centrifugation. For the NMR spectroscopy experiment, lysate2QLBig/ml) was mixed

with 30 pM of >N labeled p1®K4d or its mutants, 100 pM ATP, and 5 uM cAMP. This
reaction mixture was incubated for 3 h at 37 °C. Subsequently, the reaction samples were
dialyzed using a 3.5 kDa cutff membrane in phosphate buffer (20 mM2NRQs, 25 mM

NaCl, 25 mM KCI and pH 7.4) for 17 h in order to remove the unincorporated ATP, small
molecules and to minimize buffer effects to facilitate a proper chemical shift analiRof

crosspeaks. These samples were also analyzed by MALOF mass spectrometry. Details

17



about the acquisition of NMR experiments and ¥H&#H exchange detected by NMR are

provided in SI Materials and Methods.
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Figure 1: Schematic showing the function of g9, Left: structure of the CDK6-p1¥4d
complex (PDB: 1BLX). Ankyrin repeats of pt'%*d are presented as ARIARS5, regulatory

sites, Ser66, Ser76 and Lys62 are shown red and RxL motif in magenta. Right: the signalling
pathways regulated by the INK family members. Red blogksighlight the cell cycle arrest

points used in this study.
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Figure 22 NMR detected celcycle dependent phosphorylation and local unfolding of
p19NK4d Top: overlays of 2DMH-N HSQCs of p1%%4d pefore (black) and after (red)
incubation with (A) asynchronous cell lysate, (B) S phase HeLa cell lysate or (C) after
incubation of the doubly phosphorylated protein by alkaline phosphatase. Bottom: spectral
changes upon incubation mapped on the\$19structure. The macroscopic helix dipole
moments of helix 4 and 6 are depicted by black arrows in (A). Mapping of cross peak on
p19NK4d structure in (A) and (B): red missing cross peak, blueno change and grey slight
chemical shift or cannot say. Insets show thé*FDspectra identifying (A) one-{ ppm), (B)

two (-1 ppm and 4 ppm), and (C) no protdiound phosphate. The sharp signal at 2 ppm

originates from the phosphate buffer (asterisk).
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Figure 3: Phosphorylation status of Ser66 and Ser76 monitored by NMR spectroscopy.

Sections of the overlaid 2BH-°N HSQC spectra of p1¥“d before (black) and after (red)
incubation with cell lysate are depicted. (A) PX¥ incubated in asynchronous Hela cell
lysate (see Figure 2A). (B) p16* incubated in S phase Hela cell lysate (see Figure 2B).
(C) Initially doubly phosphorylated pf¥*¢ after incubation with alkaline phosphatase (see
Figure 2C). (D) Inhibition of Ser76 phosphorylation by the CDK1 inhibitor IV (%9
incubated in S phase Hela cell lysate). (E) Inhibition of Ser66 phosphorylation by p38
inhibitor SB203580 (p1'¥“d incubated in asynchronous HeLa cell lysate). (F/\$19S76A
variant incubated in S phase HelLa cell lysate. (GI\19S66A variant incubated in S phase
HeLa cell lysate. (H) p2¥“d incubated with S phase HeLa cell lysate in the presence of the
p38 inhibitor SB203580. The missing crggsaks in (F) and (G) are due to the substitution
of Ser with Ala at position 76 and 66, respectively. The entire 2D spectrum for each of the

eight experiments is depicted in supplementary information.
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Figure 4: Functional implications of p1¥4d phosphorylation. (A) Puldown assay of
p19NK4d ysing GSTCDKG. The loading in a and b is: lane-input (GST-CDK6 beads +
plgNK4dy " lane 2— supernatant and lane -3 pellet of pull down. In (A), a Doubly
phosphorylated p1¥“4d b — p19NK4d as positive control. M- protein molecular weight
marker. (B) CDK6p19NK4d complex formation. Overlaid 2EH-5N HSQC spectra of°N
labeled p19™K4d pefore (black) and after addition of unlabeled CDK6 (red). Blue labels
indicate residues of pf¥“d that interact with CDKG6 via their side chains, as revealed by the
crystal structure of the complex [17], but which do not influence the back bone chemical shift
of p19NK4d, Red labels indicate the backbone chemical shift changes upon complex formation
both monitored by NMR and reported in the crystal structure. Green labels indicate additional
chemical shift changes observed only by NMR and not reported in the crystal structure. These
residues are mapped on the structure of\§40as shown in the (C). (D) Top image showing
autoradiography of lane-luntreated p1¥<4d, lane 2- p19VK4d and lane 3 CDK6-p1gNK4d
complex treated with S phase cell extract. The upper panel shows the autoradiogram and the
corresponding coomassie brilliant blue stained gel below. Middle shows the overldid- 2D
15N HSQC spectra dPN labeled p19%4d after the CDK6p19NK4d complex incubated with
extract of S phase cells (red) and untreated y*f9(black). Bottom shows the respectie

NMR spectrum and the asterisk indicates the phosphate buffer signal.
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Figure 5: Phosphorylationdependent degradation of endogenous¥$49 Immunoblot of
p19NK4d in HeLa cell extracts: lane-1S phase cells; lane-2asynchronous cells; lane-3
phase cells and 6 h after thymidine release; lan8 phase cells at 6 h after thymidine release
in the presence of CDK1 inhibitor (upper panel). Actin is shown as loading control (lower

panels).
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Figure 6: Summary of the findings of this study which occur in the S phase of the cell cycle.

Step 1: phosphorylation of pA'%*? by p38. Step 2 and 3: phosphorylation of 349 by
CDK1 followed by unfolding of AR1- AR3 and dissociation of CDK6-p8*d complex.

Step 4: poly ubiquitination of p¥“d. Step 5: degradation of p'¢*d.
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Sl Materialsand M ethods

Protein expression and purification. p19VK4d wild type (wt) and mutants were expressed in
BL21(DE3) plysS cells and purified as described [43]. Mutations were introduced by using
the Stratagene Quikchange kit (Stratagene). The proteins were purified from the soluble
protein expression fraction by nick&TA column chromatography, followed by gel filtration
chromatography (Sepharose 75), with the exception of S66A and S76A mutants. These
mutants were refolded from inclusion bodies. Briefly, cells that had been grown overnight
were lysed using a French press aftesospension in lysis buffer (50 mM sodium phosphate,

50 mM sodium chloride, 1 mM EDTA, and pH 8) containing lysozyme. DNAse 1 was added
and the mixture was incubated for 30 min at 25 °C. The pebsicallected by centrifugation
(20,000 rpm, 4 °C, 20 min.) and washed 3 times with Triton buffer (50 mM sodium phosphate,
150 mM sodium chloride 60 mM EDTA and 6% Tritor200, pH 8). The pellet was further
washed four times with washing buffer (50 mM sodium phosphate, 150 mM sodium chloride,
pH 8). The pellet was finally collected by centrifugation and dissolved in solubilizing buffer
(50 mM sodium phosphate, 150 mM sodium chloride, 6 M guanidinium hydrochloride, pH 8)
and the resulting extract was loaded onto-a\VIA column equilibrated with the same buffer.

The column was washed and protein was eluted with elution buffer (50 mM sodium
phosphate, 150 mM sodium chloride, 6 M guanidinium hydrochloride, pH 4). Refolding of
the protein was initiated with rapid dilution in 50 mM sodium phosphate, 150 mM sodium
chloride, 100 mM Larginine, pH 8. Refolded protein was further purified by'% gel
filtration chromatography. Correct folding was verified by CD and NMR spectroscopy.

Céell lines and synchronization. Cervical carcinoma (HelLa), human embryonic kidney 293
(HEK-293) and human osteosarcoma (U20S) cells, were purchased from ATCC
(Manassasas, VA, USA). Cell lines were cultured in Dulbecco's modified Eagle medium
(DMED) supplemented with 10 % heat inactivated (56 °C for 30 min) fetal bovine serum
(FBS) and 5% (w/v) sodium pyruvate at 37 °C in a humidified chamber with 5 % (vi/) CO
To achieve synchronization of cells, culture dishes were first coated withLpdjgine (0.1

mg/ml) for 10 minutes followed by washing twice with phosphate buffer saline (PBS). Cells
were then seeded at a density of 0.25%c&ls / cni. After 7 h, 2.5 mM thymidine was added

and incubation was continued for 24 h. Cells were washed with PBS and incubated with fresh
medium without thymidine for 12 h. Thymidine was then added at 2.5 mM for 17 h to achieve

S-phase synchronizatioihis medium was replaced with fresh media without thymidine and
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the cells were harvested after 3 h§Base cells). For Mphase synchronization, cells that had
been incubated for 24 h were washed with PBS, followed by addition of fresh medium without
thymidine and incubation was continued for 4 h. Nocodazole was then added at 100 nM and
incubation was continued for a further 12 h before cells were harvested. To obtain
asynchronous cultures, cells were plated at 60 % density and harvested as required.

Drosophila melanogaster embryos were a kind gift from Gunter Reuter, University of Halle.

Kinase assay. Exponentially growing or synchronized cells were washed with PBS and lysed
in the presence of protease inhibitor (Sigilarich, Cat No-P2714), 2x kinase assay buffer

(20 mM MOPS pH 7.5, 15 mM Mggl10 mM EGTA, and 2 mM DTT) and phosphatase
inhibitors (0.25 mM activated NeO4, 0.5 mM NaF, 15 mM p—glycerophosphate). Cells were

lysed by sonication at 10 % amplitude using 3 second pulses and this was performed three
times. Lysed cells were centrifuged at 12,000 rpm for 15 minutes at 4 °C. The pellet was
discarded and the clear supernatant was used for the kinase reaction. D. melanogaster embryo
extracts were prepared in the same way without initial PBS washing. The kinase assay was
performed by incubating the cell lysate (@l5mg/ml total protein concentration) in the
presence of’P ATP (5uCiP?P-y-ATP) and cAMP (5 pM) with 30 ug of pf¥44d for 3 h at

37 °C. Aliquots of the mixtures were analyzed by SBSGE and labeled polypeptides were
detected by autoradiography.

The in vitro kinase assay was performed with isolated p38 or CDK1/cyclin B1 (Sigma Aldrich
Pvt. Ltd). The assay was performed with 5 mM MOPS pH 7.2, 2.5 mM B—glycerophosphate,

10 mM MgCh, 1 mM EGTA, 0.4 mM EDTA, 0.05 mM DTT, 250 ng kinase (CDK1/cyclin

B1) or 300 nm (p38), 500 ng protein (P¥YY, p1IVK4d S76A or p19'4d SE6A), and 2 PCi
32p_y_ATP. The reaction mixture was incubated at 37 °C for 3 h. Incorporation of
radioactivity was detected by autoradiography. The in vitro NMR experiment was also
performed in a similar way where 40 pM8K p19N¥4d and p38& (0.5 pg, Sigma Aldrich

Pvt. Ltd.) and/or CDK1/cyclin B (0.5 pg each), 50 uM of ATP, and 5 uM of cCAMP were
additionally supplemented. These samples were also analyzed by MAOBI mass
spectrometry taking the untreated P44 as a control.

NMR spectroscopy experiments. All NMR spectra were recorded on a Bruker 800 MHz
Avance |l spectrometer equipped with a-GEI cryoprobe at 15 °C ariti—°N correlations

were acquired by 2D FHSQC [44]. The same samples were used to detect the phosphorous
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attached to the proteid’? NMR) on a Bruker 600 MHz Avance Il spectrometer. All spectra
were processed using the programs NMRPipe [45] and NMRView [46] .

I dentification of kinases.

For the identification of the p1¥“d kinases, inhibitors were incubated for 10 minutes with
lysate prior to addition of p1¥“d ATP and cAMP. The following kinase inhibitors and
concentrations were used to identify the respective kinase for Ser66 or Ser76 phosphorylation
CDK1 inhibitor IV RO-3306 [47] at 500 nM, CDK1 inhibitor 1l CAS 4403624-3 [48] at

500 nM, CDK2 inhibitor I CVT-313 (48) at 500 nM, protein kinase A (HA 1077,
dihydrochloride or fasudil (8soquinolinesulfonyl homopiperazine. 2HCI) [49] at 700 uM,
p38 inhibitor (SB203580) [50] at 500 nM, CDK4 inhibitor Il (2Rimethoxyacridine
9(10H)-thione) [51] at 500 nM. The concentrations indicated above wereinsadvitro
experiments. Under in vivo conditions, the CDK1 inhibitor (CDK1 inhibitor 1V,-R8D6)

was used at 35 nM. All the inhibitors were purchase form Merck Millipore Pvt. Ltd, Germany.

1H/?H exchange detected by NMR. The hydrogendeuterium exchange reaction was started
by dissolving lyophilized®N labeled p1®%4¢ in 2H,O buffer, containing 20 mM sodium
phosphate, pD 6.9, 25 mM NaCl and 25 mM KCI. A series dtB5°N HSQC spectra were
recorded during an exchange time of 42 h.

Pull-down assay and CDK 6-p19'NK4d complex. GST-CDK6 beads were a kind gift from
Ernest D. Laue, Cambridge University, UK. B#9° and GSTFCDK6 were dialyzed for 17 h
against interaction buffer: 20 mM NHEPES, pH 7.5, 150 mM NaCl, 1 mM EDTA, 5 mM
DTT, 0.05 % Triton X 100. For the putlown assay, phosphorylated or control 349 (0.5

mg/ml) and 50 pl of a slurry of GSTDK6 beads were mixed separately (input) and
incubated for 45 minutes at 4 °C with gentle rotation. This mixture was centrifuged and the
supernatant was used for analysis (supernatant of input). The pellet was washed three times
with interaction buffer and finally three times with washing buffer (interaction buffer
containing 300 mM NacCl). Aliquots were removed at this step. All samples were analyzed on
12.5 % (w/v) SDSPAGE.

For the CDK6p19VK4d complex preparation (for NMR spectroscopy analysis), CDK6 was
eluted from beads with reduced glutathione. Detached CDK6 and doubly phosphorylated
p19\K4d or control, untreated pf¥4d was dialyzed against interacting buffer. To analyze
complex formation, 15 uNPN labeled p1®%*4d was added to 17 uM of CDK6. The mixture
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was incubated for 17 h and tHé—'°N NMR spectrum was recorded for 24 h. Pf#' treated

under similar conditions but without CDK6, was used as control for NMR in order to monitor
the chemical shift changes upon CDK6 binding. The same complex was treated with cell
lysate prepared from-phase Hela cells. Additionally, eluted CDK6 was added to the doubly
phosphorylated form dfN labeled p19%4d to analyze the binding by NMR spectroscopy.

Ubiquitination assays. p19V%4d (2 uM) was incubated with 4 mg/ml ofghase lysate at 37

°C for 2 h. This mixture was additionally supplemented with the proteasomal inhibiter MG
132 (5 uM), deconjugating enzyme inhibitor ubiquitin aldehyde (4 uM), energy regeneration
system and ubiquitin solution (600 uM) purchased from Boston Biochem. Exogenously added
phosphorylated or native pt'$*d was detected by western blotting using mouse monoclonal
antibodies (DCS100) [52] against p1¥<.
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Fig. S1. p19V&4d phosphorylation by asynchronous cell culture or D. melanogaster embryo

extracts. (A) The upper panel shows the Coomassie Brilliant Blue stained gel and the lower

panel the corresponding autoradiograph. Lane pgkotein molecular weight marker (19.5
kDa), lane 2- HeLa cell extract, lane 3 HEK—-293 cell extract, lane 4U20S cell extragt

and lane 5- D. melanogaster embryo extract. Fig.«(®)) shows superposition of 2fH-

15N HSQC spectra taken before (black) and after (red) treatment with the extracts. (B) HEK

293 cell extract. (C) U20S cell extract.)(D. melanogaster embryo extract.
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Fig. S2. Phosphorylation of p1¥“d. (A) MALDI-TOF-MS analysis of untreated pt*c;

(B) Ser66-phosphorylated p'%*® detected by MALDI-TOF-MS; (C) oscillation of p4'§*

during cell cycle; (D) p19X4d incubated with Sphase HeLa cell lysate. The upper panel
shows the Coomassie Brilliant Blue stained gel and the lower panel indicates the

corresponding autoradiograph. Lane éxtract alone, lane-2 p19N%4d in the presence of 1

mg/ml extract, lane 3 p19V¥4d in the presence of 2 mg/ml extract, laneuhtreated p1'9<4d,
and lane 5 protein molecular weight marker (19.5 kDa). (E) MAEDDF-MS analysis of
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p19NK4d treated with S-phase cell lysate. Indicating double phosphorylation. (F) Ser66 and
Ser76 phosphorylated p$*d. Overlaid*H-*N 2D HSQC spectra of p¥ incubated with
S—phase Hela cell lysate (red) and control (black). This figure corresponds to the Fig. 2B in
the main text. (G) Overlaid 2EH-N HSQC NMR spectrum of S76A before (black) and

after (red) treatment with-$hase cell lysate. This figure corresponds to the Fig. 3F in the

main text.
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Fig. S3. Identification of p38 as a kinase for Ser66 phosphorylatior(D})Overlaid 2D*H-

5N HSQC spectra of pf“d treated with HelLa cell lysate (red) and untreated control
(black). Inhibitors were incubated with asynchronous cell lysate prior to addition '8f4919

(A) CDK4 inhibitor II; (B) PKA inhibitor HA 1077; (C) CDKL inhibitor IV; (D) p38 inhibitor
SB203580 (spectrum corresponding to Figure 3E in the main text). (E) in vitro kinase assay
with p38 and p19K4d, Left - Coomassie Brilliant Blue stained gel and righutoradiography
image. Lane * p19N4d |ane 2- p38, lane 3- p38 + p19'%4d, lane 4- p38 + S66A p1Yk4d,

lane 5- molecular weight marker.
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Fig. $4. CDK1 is responsible for Ser76 phosphorylation as identified by NMR spectroscopy.
Overlaid 2D*H-N HSQC spectra before (black) and after (red) treatment witih&e
Hela cell extract. Inhibitors were incubated with lysate prior to additiofPNflabeled
p1g\k4d (A) CKD1 inhibitor IV (corresponds to the Figure 3D in the main text); (B) CDK1
inhibitor 11I; (C) CDK2 inhibitor I; (D) CDK4 inhibitor Il. (E) PKA inhibitor HA 1077.
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Fig. S5. CDK1-mediated phosphorylation of Ser76. (A) In vitro phosphorylation of\p*9

by CDK1/cyclin B. Lane % protein molecular weight marker, lane ZDK1/cyclin B, lane

3 — p19V¥k4d jncubated with CDK1/cyclin B, and lane-4p19V¥4d S76A incubated with
CDK1/cyclin B. The left panel shows the Coomassie Brilliant Blue stained gel and the right
panel the corresponding autoradiographic image. (BNff%reated with lysate, lane -1

p19NK4d glone, lane 2 S-phase Hela cell extract, and lane 81-phase cell extract. The

upper panel shows an autoradiograph and the lower panel shows the corresponding Coomassie
Brilliant Blue stained gel. (C) Overlaid 2BH-°N HSQC spectra of p¥“d treated with

lysate of M-phase cells (red) and untreated (black). {#) NMR spectrum of sample (B)
showing®'P resonances of the two protdiound phosphorylation sites at 4 ppm (Ser76) and

—1 ppm (Ser66). The asterisk indicates the signal of the phosphate buffer.
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Fig. S6: In vitro phosphorylation of p19 using an isolated kinase. (A¥$1%incubated with
p38u.. Overlaid 2DH-*N HSQC spectra of p1¥%4d treated with p38 (red) and untreated
(black). (B) 3P NMR spectrum of sample (A) showirfgP resonances of one protein
phosphorylation site atl ppm (Ser66). (C) MALDI-TOF-MS analysis of the sample used in
(A). (D) p19NK4d incubated with p3@ and CDK1-cyclin B. Overlaid 2BH-'°N HSQC
spectra of p19¥4d treated with p3& and CDK1-cyclin B (red); and untreated (black). {iP)
NMR spectrum of sample (D) showifP resonances of the two protein phosphorylation sites
at 4 ppm (Ser76) andl ppm (Ser66). (F) MALDI-TOF-MS analysis of the samples used in
(D). In (B) and (E) asterisk indicates the signal of the phosphate buffer.

34



103 B £
A - oF
L]
107
‘e
111 1of
[ ]
115
E
S 110 S66__ o .
=
E = 120f °
123 o "
-]
127 ~ “, ..
L ] .' . o
* 0
131 EISTG 130} =
10.8 103 98 93 88 83 78 73 68 63 58 10 9 8 7
103 ® fogl =« o B, ..
c L el @
107 107), Tl e
5 1 ER
- ¥ !
11 iy .
15 15
E 11 l -."..
& 119 @ o G e
z o : G
) raglo T
123 ° Y e
e > i < i
127 L ' : g
127 : R e
o g ol by
131 ° " Pk o
o e R g .
135} ¢ ; ol g
108 103 98 93 88 83 78 73 68 63 58 11 10 ., .8 7 8
H (ppm)
103
E
107
=3
111
115
— 119 @ i 24
£ e g -II...
= 2.0
£ 123 o & EgN
° o =164 [ ]
@ mEER
il 4
- £12
Cos
Z
131 0.4 ¥
(-2
R Y Y YV Y YT Y YY)
108 103 98 93 88 83 78 73 68 63 58 0 500 1000 1500 2000 2500
'H (ppm) Time (min)

Fig. S7. Sequential phosphorylation of g9, Overlaid 2DH-*N HSQC spectra of
p19NK4d treated with Sphase Hela cell lysate (red) and untreated (black). (A) S66A variant
of p1INK4d (the spectrum corresponds to Figure 3G in the main text). (B) Wild typ&19

in the presence of p38 inhibitor (the spectrum corresponds to Figure 3H in the main text). (C)
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— (D) NMR detectedH/?H exchange of amide protons of p¥89 and the Ser66 phospho-
protein. (C) Exchange experiment with unmodifféN p19V4d. The black spectrum was
recorded at pH 6.9 (reference), the red spectrum was recorded 10 min after dissolving
lyophilized protein in?H2O, pD 6.9, and the cyan spectrum was recorded after 42 h of
exchange. (D) Exchange experiment with the Ser66 phosphoprotein, where alpeatss

are missing after 10 min 8f.0 exposure (red spectrum, lower contour level) because of the
global destabilization of p“d. The black spectrum was recorded isOHat pH 6.9. (E)
Indicates reappearance of the crpssks of Ser66 phosphorylated PA4 of initially fully
deuterated protein after addition of 30 % of buffer iOHred). (F) Shows the timeourse

of 'H/?H exchange of representative crqssiks: m — A127 andv — G118 represent untreated
p1INK4d while A — A127 ande — G118 represent pf4*d with phosphorylated Ser66.

1 2 34 5 6 7 1 2 3 4 5 6 7 8

A A
, s e
- - :
Fig. S8. Ubiquitination of p18'*4d. Ubiquitination assay of p“d. The left panel depicts
the Western blot analysis of g1 detected by a monoclonal antibody against"§¢9
(DCS 100): lane 1 p19\k4d Ser66 phosphorylated, lane p19VK4d S76A (phosphorylated),
lane 3— p19Nk4d doubly phosphorylated, lane-4p19Nk4d S76A (control), lane 5 cell
extract, lane 6- p19Vk4d wt (control), lane 7- p19V4d doubly phosphorylated (duplicate

reaction). The right panel shows Ponceau S staining of the membrane depicted on the left side

and lane 8 shows the molecular weight marker.
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