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One sentence summary: The study provides a comprehensive comparison of the
phosphorylation of DVL3 induced by eight Ser/Thr kinases and identifies phosphorylation

signatures associated with individual kinases.

Abstract:

In the presented study we analyze phosphorylation of human Dishevelled 3 (DVL3) induced
by its previously reported (CK1le, NEK2, PLK1, CK20, RIPK4, PKC3) and the newly
identified (TTBK2, Aurora A) kinases. DVL3 contains 131 Ser/Thr whose phosphorylation
generates complex barcodes underlying diverse DVL3 functions in Wnt pathways and other
processes. We use quantitative mass spectrometry and via several complementary pipelines
calculate site occupancies and quantify phosphorylation of >80 phosphorylated residues. In
order to visualize the complex phosphorylation patterns, we design a novel visualization
diagram, phosphoplot. Finally, we compare the individual sample and data processing
approaches, identify their strengths and weaknesses. Subsequently, we verified a set of anti-
phospho-DVL antibodies and were able to successfully confirm induction for several of the
phosphorylation sites. From the biological point of view, our data represent an important
reference point and a toolbox for further analysis of DVL functions and phosphorylation

events that control them.
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INTRODUCTION

Whnt signaling pathway has been linked to an etiology of multiple developmental defects,
inherited diseases and many types of cancer (1). Wnt pathways can be divided into several
main “branches’. The best studied (canonical) pathway depends on 3-catenin and members of
the LEF/TCF (lymphoid enhancer-binding factor/T-cell factor) family of transcriptional
factors. In the absence of Wnt ligand, the intracellular level of free B-catenin is constantly low
due to the activity of a degradation complex including adenomatous polypolis coli, Axin and
glycogen synthase kinase (GSK) 3B. Upon Wnt binding destruction complex gets inhibited
and allows accumulation and nuclear activity of B-catenin. However, Wnts can activate also
the other, so called non-canonical Wnt pathways, which are B-catenin-independent and
biochemically distinct from canonical Wnt signaling. There is strong evidence that several

such pathways exist (for complete overview see (2)).

All known Whnt-induced pathways are transduced via seven transmembrane receptors
Frizzleds (3) and intracellular protein Dishevelled (Dsh in Drosophila, DVL1-3 in human).
DVL proteins consist of three structured domains. N-terminally located DIX domain,
centrally located PDZ domain and C-terminally located DEP domain. Individual domains are
linked by the intrinsically disordered regions and extended by approximately 200 amino acid

long, also intrinsically disordered C-terminus.

There is a general agreement based on the genetic experiments that DVL plays a crucia role
asasignaling hub in both Wnt/B-catenin as well as non-canonical Wnt pathways (4). Not only
that, DVL has been reported to have multiple other functions — such as docking of basal body
(5, 6) and function and maintenance of primary cilia (7), cytokinesis (8) or positioning of the
mitotic spindle (9), all possibly linked to the function of DVL in the regulation of centrosomal

cycle (10).
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Intriguingly, despite the well documented role of DVL in the Wnt signaling and the growing
evidence for its participation in additional cellular processes, the molecular mechanisms that
define how DVL acts in the cell are amost unknown. However, it is believed that post-
translational modifications, particularly phosphorylation, can represent a key component of
such regulatory mechanism. DVL proteins are very rich in serine (Ser) and threonine (Thr);
for example, DVL3 contains 131 Ser/Thr, which can be potentially phosphorylated. Well
described consequence of the activation of both Wnt/B-catenin as well as non-canonical Wnt
pathway is phosphorylation of DVL by the Wnt-induced Casein kinase 1 0 (CK10) (11-14).
In addition to CK1e, multiple other kinases have been reported to phosphorylate DVL in
different contexts. For example, CK2a in both Wnt signaling pathways (15-17), Polo-like
kinase (PLK) 1 in the control of mitotic spindle (9), Nima-related kinase (NEK) 2 in the
centrosome (10, 18), protein kinase C (PKC) 6 in non-canonical Wnt signaling (19), and
receptor-interacting protein kinase (RIPK) 4 in the Wnt/B-catenin signaling (20). Recent work
(10, 21, 22) has identified using mass spectrometry based methods more than 50 Ser/Thr of
DVL that are indeed phosphorylated. However, functional significance of most individual
phosphorylation sites in DVL remains unclear. With respect to current understanding of
PTMs in the intrinsically disordered proteins, it is reasonable to speculate that physiological
function is achieved rather by a combination (“barcode”’) of individual phosphorylated sites

than by the phosphorylation a single amino acid.

In this study we analyzed and compared phosphorylation of DVL3 induced by eight
individual Ser/Thr kinases: these included previously reported DVL kinases (6 kinases listed
in the previous paragraph), Aurora A that was reported with DVL in the same complex (23)
and TTBK2, DVL kinase identified in this study. We have applied complementary proteomic
approaches to describe in detail and in a quantitative manner how individual kinases modify

DVL3. This phosphorylation barcoding has identified uniqgue as well as common
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phosphorylation patterns and provided a reference point for the interpretation of existing as
well as any future studies analyzing phosphorylation of DVL. Last but not least, our work
provided an example of the universal pipelines for the phosphorylation analysis of proteins

modified in a complex pattern at tens of residues.

RESULTS

I dentification of TTBK 2 asa kinase acting upstream of DVL

Our previous work identified interactions between DVL3, CEP164, and TTBK?2 kinase (24,
25). To examine possible regulation of DVL by TTBK2, we have tested whether this poorly
characterized centrosomal kinase phosphorylates DVL3 and DVL2 in HEK293 cells. As
shown in Fig. 1A, TTBK2 co-expression induced a prominent electrophoretic mobility shift
of DVL3 and DVL2 in akinase activity-dependent manner, suggesting that TTBK2 is capable
to efficiently promote phosphorylation of DVL. TTBK?2 has been described as a kinase that
primarily resides on the mother centriole where it regulates ciliogenesis (25-31). Given the
previous reports on DVL localization to centrosome and the possible DVL implication in
ciliogenesis (7, 10, 32, 33) we have tested whether overexpressed DVL has the capacity to
displace TTBK2 from the centriole. As shown in Fig. 1B (left panel), we confirmed, in line
with earlier reports, the localization of TTBK2 to the mother centriole, which is however not

affected by overexpression of DVL3 (Fig. 1B, right).

Mobility-shift of DVL2 and DVL3 induced by TTBK2 (Fig. 1A) can be in principle a
conseguence of direct phosphorylation of DVL by TTBK2 or a consequence of activation of
other DVL kinase by TTBK2. In the second scenario the most established DVL kinase —
CK 1¢ — represents the most obvious candidate target of TTBK2. To address whether TTBK2

acts directly on DVL or rather acts as the activator of CK1e we treated cells with the CK1
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inhibitor PF-670462 and subsequently analyzed the electrophoretic mobility shift of DVL3.
As shown in Fig. 1C, PF-670462 efficiently reduced phosphorylation induced by CK1e but
not by TTBK2, hence demonstrating that TTBK2-induced phosphorylation of DVL does not

require activity of CK1e.

The best-defined role of DVL is the positive regulation of the Wnt/B-catenin pathway. In
order to address if TTBK2 modulates this DVL function we have analyzed the ability of
TTBK2 to promote or inhibit DVL-induced TCF/LEF-dependent luciferase reporter
(TopHash) in HEK293 cells. Interestingly, TTBK2 could in a kinase activity-dependent
manner efficiently inhibit DVL1- and DVL2-induced TopFlash activation and could block
positive effects of CK1le on DVL3-induced TopHash (Fig. 1D). DVL3 aone induces
TopFlash very poorly (Fig. 1D, right). In summary, we describe robust phosphorylation of
DVL mediated by TTBK?2 that is associated with the decreased capacity of DVL to act in the

Wnt/B-catenin pathway.

Design and validation of DVL kinase panel

TTBK2 represents an addition to the ever-growing list of DVL kinases. Currently, multiple
kinases from diverse kinase families have been reported to phosphorylate at least one of DVL
isoforms. From the fragmented published results, it is not possible to find out what are the
unique/general and constitutive/induced phosphorylation events and patterns associated with
various functions of DVL in connection with individual kinases. This has inspired us to
perform a direct comparison of DVL phosphorylation by individual kinases. We have chosen
human HEK293 cells, a common model for the analysis of Wnt signaling, and human DVL3
as a representative DVL protein. Previously reported DVL kinases — CK1e (11), CK2a (15),

PLK1 (9), NEK2 (10, 18), PKCS (19), RIPK4 (20) and anewly identified TTBK2 were added
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to the panel. Finally, we have included also a mitotic kinase Aurora A that was reported to act
in the same complex with DVL (23). These Ser/Thr kinases represent very diverse members

of the protein kinase family as visualized on the kinome tree (Fig. 2A).

To set up a starting point for the subsequent proteomic analyses and to validate the
performance of selected kinases towards DVL, we have compared individual kinases in three
assays. (i) capacity to induce phosphorylation-dependent mobility shift of DVL3, (ii) capacity
to induce Wnt/B-catenin-dependent transcription analyzed by the TopFlash reporter assay, and

(iii) capacity to change the subcellular localization of DVL3.

In the first assay, most kinases — except for CK2a and PKCs — could trigger electrophoretic
mobility shift of DVL3 when co-expressed with DVL3. In the TopFlash reporter assay that
reflects the activation of downstream events in the Wnt/p-catenin pathway, only CK1le and
RIPK4 were capable to induce activation in the absence of exogenous DVL3 (Fig. 2C). In the
presence of exogenous DVL3, only CK1g, and to alesser extent PLK1 (non-significant trend
was observed also for CK2a), could synergize with the co-expressed DVL3 to promote
reporter activation (Fig. 2D). In the third assay we have analyzed the capacity of individual
kinases to alter the subcellular localization of DVL3. Overexpressed DVL3, as well as other
DVL proteins, is most commonly localized in the so called “DVL punctag” protein assemblies
kept together via polymerization of DVL DIX domains (34). These assemblies are dynamic
and depending on the stimuli they can be more compact (visible as puncta) or dissolved,
resulting in the “even” distribution of DVL3 — see Fig. 2E, upper panel. As shown in Fig. 2E,
bottom panel, three kinases — CK1le, NEK2 and TTBK2 — were capable to promote even
localization of DVL3 whereas Aurora A and CK20 (and to some extent also PLK1) lead to a

more punctate phenotype.
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This initial analysis showed that we can largely reproduce the reported effects of selected
kinases. the capacity of CKle and RIPK4 to activate TopFlash reporter (20, 35), the
synergistic behavior of DVL3 and CK1e in the TopFlash reporter (17), and the capacity of
CK1e and NEK?2 to induce even distribution of DVL3 (10, 13). CK1e stands unique among
other kinases in its ability to efficiently induce Wnt/f-catenin downstream signaling in
synergy with DVL3. Although, it has been proposed that RIPK4 activate Wnt/f3-catenin also
via phosphorylation of DVL (20) we have not observed any synergy with DVL3 which

suggests that RIPK4 acts via other proteins in the Wnt/f-catenin pathway.

Pipelinesfor the generation of the phosphorylation map of DVL3

Following validation of our experimental system (Fig. 2) we moved to the global analysis of
the DVL3 phosphorylation events. In three independent experiments, FLAG-DVL3 was
overexpressed in HEK 293 cells, with or without the studied kinase, immunoprecipitated using
anti-FLAG antibody, separated on SDS-PAGE and stained with Coomassie Brilliant Blue (see
Supplementary Fig. 1 for the gels used in this study). Bands corresponding to DV L3 were cut
out and after TrypChymo digestion 1/10 of the sample was analyzed directly (see pipeline #1
in Fig. 3A) and the remaining 9/10 of the peptide mixture was enriched for the
phosphorylated peptides by TiO, (see pipelines #2 and #3). All samples were subsequently

analyzed by liquid chromatography coupled with mass spectrometry (LC-MSMS).

Peptides with accurately characterized phosphorylated site(s) were identified aongside
peptides where the phosphorylation localization was not reliably assigned, as is common to
proteomic studies. Therefore, in the accurate position focused analysis (pipeline #2) only a
subgroup of peptides with the clearly identified phosphorylated positions (based on manual

inspection) was included. In the overall quantitative analysis (pipeline #3) al phosphorylated
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peptides were processed despite the positions of the phosphorylated residues were not always
certain and as such are presented as the “phosphorylated clusters’. For the detailed

information on the quantification in these two pipelines see Materials and Methods.

Combination of the above-mentioned approaches allowed us to cover more than 95% of the
DV L3 sequence across all experiments (Fig. 3B); for sequence coverage in individual samples

see Suppl. Table 2.

Phosphorylation map of DVL 3: site occupancy of phosphorylated sites

To assess the site occupancy, we utilized direct analysis of the samples without any
enrichment (the experimental pipeline#1, Fig. 3A) which allowed us to detect phosphorylated
and non-phosphorylated peptides corresponding to the same position(s). Subsequently we
calculated the approximate occupancy of the selected phosphorylated sites, i.e. % of DVL3

molecules phosphorylated at the given Ser or Thr residue(s).

We calculated site occupancies as percentage ratio of phosphorylated peptide intensity (or
sum of intensities if more than one) covering individual phosphosite or cluster to total
intensity (phosphorylated peptide(s) + corresponding non-phosphorylated peptide(s)).
Phosphorylated sites/clusters with the site occupancy > 5 % at least in one sample are plotted
in Fig. 4. For three clusters (S2321_S244, T608_ S612, S622(1S630) we have failed to detect
matching non-phosphorylated peptides and as such these sites were not included in the site

occupancy calculations.

We have observed an increase in the phosphorylated site occupancy (above 5%) after
overexpression of at least one protein kinase in al but one (14) cases (Fig. 4). The notable

exception was the phosphorylated cluster S192, S197, whose phosphorylation decreased in

10
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the presence of CK1le and to a lesser extent in the presence of TTBK2, PLK1 and NEK2.
Phosphorylation of three sites was induced selectively only by one kinase — this is the case of
S280 and 407 induced only by NEK 2, and S268 induced only by CK1e. In the remaining 11
sites/clusters, two or three kinases were capable to trigger phosphorylation: CK1e/TTBK?2 at
S350 and at the cluster S512, S513, S516; NEK2/PLK 1 at S263; NEK2/Aurora A at $469 (in
the single replicate); NEK2/PLK1/CK1e at S505; NEK2/CK1e/TTBK2 (and to some extent
PLK1) at S311, and at the clusters S2031S209 and S6331" S643. Other three clusters — cluster
S125, T133, S135, S137, cluster S175, S176 and cluster S559, S566, S567, S570 showed
relatively high occupancy in the control and were further phosphorylated by several kinases,

including NEK2, CK1e, TTBK2 and PLK1.

Phosphorylation map of DVL 3: detailed analysis after phospho-enrichment

In order to analyze phosphorylation of DVL3 in depth, we enriched the phosphorylated
peptides by TiO, enrichment. This approach, commonly utilized for detailed screening of
protein phosphorylations, allows detection of less abundant phosphopeptides. The obtained
data were processed in two ways (Fig. 3A). Primarily, we qualitatively and quantitatively
assessed only phosphopeptides with the clearly localized (validated by manual inspection of
MS/MS data) phosphorylation site(s) (the experimental pipeline #2, Fig. 3A). By this
approach we have detected 88 unique phosphorylation sites in DVL3. Peptide intensities
(Supplementary Table 1) were compared with the DVL3-only control dataset in order to
express the relative increase/decrease in the phosphorylation of each phosphorylated site.
Data from al three replicates presented as a relative change to control were summarized as a
heat map in Fig. 5. Most phosphorylated sites with the biggest relative increase were

identified after induction by NEK2, CK1e and TTBK?2.

11
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In order to assess impact of exclusion of phosphopeptides with ambiguous phosphosite
localization on quantitative changes we have processed all phosphorylated peptides according
to the pipeline #3 (Fig. 3A). Intensities of the phosphorylated clusters that were formed as the
outcome of this approach, presented as a heat map in Supplementary Fig. 2, illustrated that
intensities of the 15 clusters analyzed very well correlate with the intensities of individual
phosphorylated sites presented in Fig. 5. Comparison of results in Fig. 5 and Suppl. Fig. 2,
however, also identified cases where individual phosphorylated sites within the cluster
displayed a distinct behavior. Namely, in the cluster T106S140 the NEK2-induced
phosphorylation of T106, S112 and S116 in the cluster was masked by high intensity
constitutive phosphorylation of S125, T133 and S137. In the phosphorylated cluster
S20217S209 that decreased in the presence of CK1e and TTBK2 and increased for NEK2 we
can map the decrease to three sites — S202, S203 and S204 — in case of CK1le and TTBK2
whereas NEK 2 induced predominantly S204. Similarly, for the cluster S598/1S612 induced
by NEK?2, CK1e, TTBK2 and PKC8é we mapped the activity of NEK2 predominantly to S601,

S603 and S605 whereas CK 1e phosphorylated mainly S611 and S612.

The gquantitative data presented in Fig. 5 (accurate positions) and Suppl. Fig. 2 (clusters) have
been combined and analyzed in order to group both the individual phosphorylated
sites/clusters and individual kinases. Unbiased cluster analysis is shown in Suppl. Fig. 3. It
clearly clusters CK1le and TTBK2, both from the CK1 family, with NEK2, whereas all the
remaining kinases formed a second cluster. There are multiple residues that are
phosphorylated only by NEK2, which clearly distinguishes it from CKle and TTBK2.
Interestingly, CK1e and TTBK2 behave very similarly and they can be best resolved by the
phosphorylation at S268 induced only by CK1e. Thisisin avery good agreement with the site

occupancy analysis shownin Fig. 4.

12
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Phosphorylation map of DVL3: Analysis of the phosphorylated clusters

The phosphorylated clusters visualized in Suppl. Fig. 2 can in principle represent the mixtures
of peptides phosphorylated at distinct sites or true multiphosphorylated motives with possible
biological function. To get a better insight into this phenomenon, we analyzed in detail the
peptides phosphorylated on 3 or more sites. We have found 9 peptide families fulfilling these
requirements (Fig. 6). Out of these only one cluster — S112, S116, S125, T133, S135, S137 —
was not induced by any of the kinases. Remaining 8 clusters are induced by one or several
kinases — 3x only by NEK2, 2x mainly by CK1e and TTBK2 and 3x by NEK2 and one or

more additional kinases.

These phosphorylated clusters were detected only in the intrinsically disordered regions of
DVL3. The phosphorylated motives are also surprisingly well conserved and with the
exception of S6221 630 and S636115643 are found also in DVL1 and DVL2 (Fig. 6, right).
This may suggest that the function of multiple phosphorylation of these motives in the

regulation of DVL isalso conserved.

Comparison of individual pipelines and validation by the phospho-specific antibodies

In our study, we have used several sample and data processing pipelines (see Fig. 3). As the
last step we have decided to compare individual pipelines (i) between each other and (ii) with
several phosphorylation-specific antibodies raised against phosphorylated DV L3 peptides. We
have probed the samples described in Fig. 2B with the antibodies against phosphorylated-
Ser280-DVL3 (pS280) (10), pS643 (21), pS697 (10) and the newly generated anti-pS192. As
we show in Fig. 7A-D that combines the Western blots and the MS/IM S data from pipelines
#1 and #2, the signal of phospho-specific antibodies partially matches the changes observed

by mass spectrometry. Signal of pS192-DV L3 decreased after CK1e, PLK1 and TTBK2 co-

13
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expression whereas pS280, pS643 and pS697 increased the most with NEK 2. However, some
differences were observed, especialy for the lower intensity signals — namely, all three
previously validated antibodies pS280, pS643 and pS697 do detect higher phosphorylation
after Aurora A co-expression that was not detected as increased in these positions by LC-
MS/MS. On the other hand — increase in pS643 convincingly demonstrated for TTBK2 by all

MS/MS pipelines was missed by anti-pS643-DV L3 antibody.

Phosphoplot —atool for visualization of complex phosphorylation patterns

The heat map data visualization highlights the differences in the phaosphorylation in
comparison to control but does not provide the full and intuitive picture combining absolute
intensities, their changes and position of individual phosphorylated peptides. To address this,
we have designed a visudization diagram, that we refer to as a “phosphoplot”. In the
phosphoplot al Ser/Thr from the primary sequence of the analyzed protein are shown. The
intensities of phosphorylated peptides in the control and experimental conditions are plotted.
As such phosphoplot combines information on absolute peptide intensities, experimental

differences and positional information, including non-phosphorylated sites.

The phosphoplots of DVL3 for individual kinases based on data from pipeline #2 are shown
in Fig. 8. The short inspection of individual phosphoplots identified regions of DVL3 that are
devoid of phosphorylation, despite being Ser/Thr rich — such as T3651T392, and on the
contrary the regions between the PDZ and DEP domain that are highly constitutively

phosphorylated. It also clearly identifies the uniquely phosphorylated sites for each kinase.

DISCUSSION

14
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Our study provides the first comprehensive description of the phosphorylation of DVL3
by most of the described DVL Ser/Thr kinases. Given the high sequence conservation of
DVL3 and other DVL proteins it is an important reference point for the interpretation of the
published data as well as benchmark for forthcoming studies focused on the regulation of

DVL function by kinases and phosphatases.

The parallel application of several pipelines for sample preparation and data analysis led
us to conclusion that the occupancy of the phosphorylated site(s) provides a suitable approach
for the identification of the phosphorylation events that could be biologically relevant. Site
occupancy analysis clearly has the potential to detect phosphorylation events that could
trigger biological response controlled by the kinase(s). Site occupancy analyses, that
identified S268 as signature site for CK 1, S280 as a signature site for NEK 2 and S63311S643
cluster as a signature for CK1e, NEK2 and TTBK2, serve as excellent examples. All these
phosphorylation changes have been validated by additional, in every respect more demanding
proteomic pipelines — compare Fig. 4 with Fig.5, Fig. 6 and Suppl. Fig. 3. Direct analysis of
the sample by the site occupancy analysis should be thus considered as a valid approach in the
biology-oriented studies with the aim to find candidate phosphorylation events responsible for
the function associated with the given kinase in other Ser/Thr rich proteins with complex

phaosphorylation pattern.

The data collected by various approaches shown in Figs 4-7, provide a global view of
DVL3 phosphorylation induced by kinases that were shown to control distinct functions of
DVL. We can clearly observe distinct codes of phosphorylated Ser/Thr in the structured
domains — most typically in the PDZ domain at the fully conserved S263, S268, S280 and
S311, and to a lesser extent also in the DIX and DEP domains. On the other side, in the
largely intrinsically disordered regions in between domains we have detected conserved (see
Fig. 6) multiphosphorylated sequences with specific phosphorylation patterns. It is tempting

15
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to speculate that the multi phosphorylation in these motifs will have biochemical and/or
biophysical consequences resulting in the regulation of DVL function. Most intrinsically
disordered proteins or regions are very Ser/Thr rich because these aa (together with A, R, G,
Q, P, E and K) are disorder-promoting. Intrinsically disordered proteins (such as DVL) are
essential  components of multiple signal transduction pathways (36) and a complex
multiphosphorylation that we started to uncover in DVL can represent a shared and universal

mechanism for the regulation of their function.

An interesting phosphorylation pattern has been observed for two highly conserved
regions in between DIX and DEP domain — corresponding to S11211S140 and S18811S197.
These sites showed high level of basa phosphorylation in the absence of any exogenously co-
expressed kinase. Interestingly, expression of CK1e (and to alesser extent TTBK2 and PLK 1)
dramatically reduced phosphorylation of these motifs. This suggests that there is a so far
unidentified endogenous kinase that very efficiently phosphorylates these regions, and (ii) that
the binding and/or phosphorylation by CK1le and TTBK2 interferes with this process or
perhaps promotes removal of these phospho-moieties by activation of specific phosphatase(s).
So far only protein phosphatase 2A has been shown to have a positive function in the Wnt/f-
catenin signaling upstream of DVL (37, 38), which makes it an ideal candidate for such

function.

Three kinases from our panel, CK1le, NEK2 and TTBK2, were the only ones that
phosphorylated cluster S630-S643. This capacity of CK1e, NEK2 and TTBK2 correlated with
the ability to trigger the even distribution of DVL3 in the cytoplasm, shown in this study as
well as in the earlier reports (10, 12, 13). This is line with the earlier work that showed the
requirement of phosphorylated S630-S643 for the even distribution of DVL3 induced by
CK1e (21). Phosphorylation-specific antibody that recognizes this cluster-(pS643) shows
even cytoplasmic staining (21), which further substantiates the importance of phosphorylated
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S630-S643 as a molecular marker of evenly distributed DVL3. On the other hand, these three
kinases stood out as the most efficient DV L3 kinases when perceived from the global point of
view. These kinases could very efficiently phosphorylate multiple Ser/Thr-rich clusters in the
unstructured regions of DVL (see Fig. 5, 6 and 8). This opens the possibility that the even
distribution of DVL3 is not only due to the phosphorylation at the specific Ser or Thr but
rather reflects the consequence of massive phosphorylation of multiple residues accompani ed

by the change in the charge and protein biophysical properties.

In this study we have identified TTBK2 and Aurora A as novel DVL kinases. For TTBK2
we propose a possible negative role in Wnt/B-catenin signaling. TTBK2 is found localized to
basal bodies or distal appendages, respectively. Indeed, DVL has been associated with
centrosome and basal bodies (10, 33, 39). However, it does not seem to localize to distal
appendages of mother centriole, where TTBK?2 is recruited by CEP164 to trigger ciliogenesis
(25, 26, 28-31). It remains to determined how TTBK2 activity interplays with the
phosphorylation of DVL3 by Aurora A, NEK2 and PLK1 and how these kinases together

regulate DVL localization and functionsin the individual phases of the cell cycle.
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MATERIALSAND METHODS

Cell Culture, Transfection, and Treatments

HEK293T cells were propagated in DMEM, 10% FCS, 2 mM L-glutamine, 50 units/ml
penicillin, 50 units/ml streptomycin. CK1e inhibitor PF-670462 was used at 10 uM. Cells
were seeded on appropriate culture dishes (15 cm diameter dish for 1P, 24-well plate for WB,
dual luciferase assay, ICC) and the next day were transfected using polyethylenimine (PEI) in
a stoichiometry of 3 pl PEI (0.1% w/v in MQ water) per 1 ug of DNA. Cells were harvested
for immunoblotting or immunocytofluorescence 24 h after transfection, for
immunoprecipitation after 48 h. The following plasmids have been published previously:
FLAG-DVL3 (40), CK1¢ (41), Myc-NEK2 (42), FLAG-PLK 1 (43), Myc-Aurora A (44), HA-

CK 20, (45), YFP-PKCS (46), VSV-RIPK4(47) and GFP-TTBK2 WT and KD (25).

Dual Luciferase TopFlash/Renilla Reporter Assay

For the luciferase reporter assay, cells were transfected with 0.1 pug of Super8X TopFlash
construct, 0.1 pg of pRLTKIluc (Renilla) luciferase construct and other plasmids as indicated
in a 24-well plate and processed 24 h after transfection. For the TopHash assay, a Promega
dual luciferase assay kit was used according to the manufacturer’s instructions. Relative
luciferase units of firefly luciferase were measured and normalized to the Renilla luciferase

signal.

Coimmunopr ecipitation and Wester n blotting
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For MS/MS-based identification of phosphorylation, HEK293T cells were seeded on 15 cm
dishes and transfected with corresponding plasmids (8 pug of DVL3 plasmid plus 8 pg of
pCDNAS3 or plasmid encoding the kinase per dish) 24 h after seeding. Two ml of ice-cold
lysis buffer supplemented with protease inhibitors (Roche Applied Science, 11836145001),
phosphatase inhibitors (Calbiochem, 524625), 0.1 mM DTT, and 10 mM N-ethylmaleimide
(Sigma E3876) was used for lysis of one 15 cm dish. Lysate was collected after 20 min of
lysis on 4 °C and was cleared by centrifugation at 18 000 x g for 20 min. Three pg of anti-
FLAG M2 (F1804; Sigma) antibody were used per sample. Samples were incubated with the
antibody for 40 min, then 25 pl of G protein-Sepharose beads (GE Healthcare, 17-0618-05)
equilibrated in the lysis buffer were added to each sample. Samples were incubated on the
carousel overnight and washed 6 times with lysis buffer; finally 40 pl of 2x Laemmli buffer

was added, and samples were boiled.

The samples were loaded to 8% SDS-PAGE gels. Electrophoresis was preformed through the
stacking gel at 100 V and through the separating gel at 150 with PageRuler Prestained Protein
Ladder (Thermofisher, Cat. No. 26620) as a marker. Gels were then process for mass
spectrometry or the proteins were transferred to the polyvinylidene difluoride membrane
(Merck Millipore, Cat. No. IPVH00010) by Western Blotting (WB). Subsequently, the
membrane was blocked in 5% unfatted milk or 3% BSA for 1 hour with shaking. After the
blocking step, the membrane was incubated with corresponding primary and secondary
antibodies. Proteins were visualized by ECL (Enhanced chemiluminescence; Merck
Millipore, Cat. No. WBKLS0500). The signal was detected using Vilber FUSION-SL system.

Western blot was quantified using ImageJ software.

The antibodies used were: anti-FLAG M2 (Sigma-Aldrich, #F1804) for WB and IP, anti-
CK1L (Santa Cruz, #sc-6471), anti-GFP (Fitzgerald, #20R-GR-011), HA11 (Covance
#MMS-101R), VSV (Sigma-Aldrich #V 5507), c-Myc (Santa Cruz, #sc-40), o-tubulin
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(Proteintech, 66031-1-1g). Following phospho-specific antibodies have been published
previously — pSer280-DVL3 (pS280) (10), pS643 (21), and pS697 (10). Anti phospho-S192

antibody was prepared by immunizing rabbits by TTSFFDS(p)DEDDST peptide on a service

basis by Moravian Biotechnology (http://www.moravian-biotech.com).

I mmunofluor escence

Cells were seeded onto glass coverslips and next day transfected according to the scheme. 24
hours post transfection medium was removed, cells were washed by PBS and fixed by 4%
PFA for 10 minutes or ice-cold MetOH (5 min/-20 °C, Fig. 1B). Coverslips were then washed
in PBS and incubated with primary antibodies for 1 h, washed three times with PBS and then
incubated with secondary antibodies conjugated to Alexa Fluor 488 (Invitrogen A11001)
or/and Alexa Huor 594 (Invitrogen A11058), washed with PBS and stained with DAPI
(1:5000); all coverslips were mounted on microscopic slides. Cells were then visualized on
Olympus IX51 fluorescent microscope using 40x air or 100x oil objectives and/or Olympus
Fluoview 500 confocal laser scanning microscope 1X71 using 100x oil objective. 200 positive
cells per experiment (N=3) were analyzed and scored according to their phenotype into two
categories (punctae/even). The antibodies used were as follows: anti-FLAG M2 (Sigma-
Aldrich, #F1804), anti-DVL3 (Santa Cruz, #sc-8027), anti-CK1[] (Santa Cruz, #sc-6471),
HA11 (Covance #MM S-101R), VSV (Sigma-Aldrich #V 5507), c-Myc (Santa Cruz, #sc-40)
and anti-GFP (Fitzgerald, #20R-GR-011), CAP350 (48), TTBK2 (Sigma-Aldrich,
#HPA018113). Images presented in Figure 1B were acquired using DeltaVision-Elite system
(Applied Precision/GE) with a 100x/1.4 Apo plan oil immersion objective. Image stacks were
taken with a z distance of 0.2 um, deconvolved (conservative ratio, three cycles), and

projected as maximal intensity images by using SoftWoRX (Applied Precision/GE).
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M ass spectrometry

In gel digestion

Immunoprecipitates were separated on SDS-PAGE gel electrophoresis, fixed with acetic acid
in methanol and stained with Coomassie brilliant blue for 1 hour. Corresponding 1D bands
were excised. After destaining, the proteins in gel pieces were incubated with 10 mM DTT at
56 °C for 45 min. After removal of DTT excess samples were incubated with 55 mM [AA at
room temperature in darkness for 30 min, then alkylation solution was removed and gel pieces
were hydrated for 45 min at 4 °C in digestion solution (5 ng/pl trypsin, sequencing grade,
Promega, in 25 mM AB). The trypsin digestion proceeded for 2 hours at 37 °C on
Thermomixer (750 rpm; Eppendorf). Subsequently, the tryptic digests were cleaved by
chymotrypsin (5 ng/ul, sequencing grade, Roche, in 25 mM AB) for 2 hours a 37 °C.
Digested peptides were extracted from gels using 50% ACN solution with 2.5% formic acid
(FA) and concentrated in speedVac concentrator (Eppendorf). The aliquot (1/10) of
concentrated sample was transferred to LC-MS vial with already added polyethylene glycol
(PEG; final concentration 0.001%, (49) and directly analyzed by LC-MSMS for protein

identification.

Phosphopeptide enrichment

The rest of the sample (9/10) was used for phosphopeptide analysis. Sample was diluted with
acidified acetonitrile solution (80% ACN, 2% FA). Phosphopeptides were enriched using
Pierce Magnetic Titanium Dioxide Phosphopeptide Enrichment Kit (Thermo Scientific,
Waltham, Massachusetts, USA) according to manufacturer protocol and eluted into LC-MS

vial with already added PEG (final concentration 0.001%). Eluates were concentrated under
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vacuum and then dissolved in water and 0.6 ul of 5% FA to get 12 ul of peptide solution

before LC-MS/MS analysis.

LC-MSMSanalysis

LC-MS/MS analyses of peptide mixture were done using RSLCnhano system connected to
Orbitrap Elite hybrid spectrometer (Thermo Fisher Scientific) with ABIRD (Active
Background lon Reduction Device; ESI Source Solutions) and Digital PicoView 550 (New
Objective) ion source (tip rinsing by 50% acetonitrile with 0.1% formic acid) installed. Prior
to LC separation, peptide samples were online concentrated and desalted using trapping
column (100 um x 30 mm) filled with 3.5 um X-Bridge BEH 130 C18 sorbent (Waters). After
washing of trapping column with 0.1% FA, the peptides were eluted (flow 300 nl/min) from
the trapping column onto Acclaim Pepmapl00 C18 column (3 um particles, 75 um x 500
mm; Thermo Fisher Scientific) by 65 min long gradient. Mobile phase A (0.1% FA in water)
and mobile phase B (0.1% FA in 80% acetonitrile) were used in both cases. The gradient
elution started at 1% of mobile phase B and increased from 1% to 56% during the first 50 min
(30% in the 35" and 56% in 50™ min), then increased linearly to 80% of mobile phase B in
the next 5 min and remained at this state for the next 10 min. Equilibration of the trapping
column and the column was done prior to sample injection to sample loop. The analytical
column outlet was directly connected to the Digital PicoView 550 ion source.

M S data were acquired in a data-dependent strategy selecting up to top 10 precursors based on
precursor abundance in the survey scan (350-2000 m/z). The resolution of the survey scan
was 60 000 (400 m/z) with a target value of 1x10° ions, one microscan and maximum
injection time of 200 ms. High resolution (15 000 at 400 m/z) HCD MS/MS spectra were
acquired with a target value of 50 000. Normalized collision energy was 32% for HCD

spectra. The maximum injection time for MS/MS was 500 ms. Dynamic exclusion was
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enabled for 45 s after one MS/M S spectra acquisition and early expiration was disabled. The

isolation window for MS/M S fragmentation was set to 2 m/z.

Data analysis

The analysis of the mass spectrometric RAW data was carried out using the Proteome
Discoverer software (Thermo Fisher Scientific; version 1.4) with in-house Mascot
(Matrixscience; version 2.4.1) search engine utilization. MS/MS ion searches were done
against in-house database containing expected protein of interest with additional sequences

from cRAP database (downloaded from http://www.thegpm.org/crap/). Mass tolerance for

peptides and MS/MS fragments were 7 ppm and 0.03 Da, respectively. Oxidation of
methionine, deamidation (N, Q) and phosphorylation (S, T, Y) as optional modification,
carbamidomethylation of C as fixed modification, TrypChymo enzyme specifity and three
enzyme miss cleavages were set for all searches. The phosphoRS (version 3.1) feature was
used for preliminary phosphorylation localization. Final localization of al phosphorylations
(including those with ambiguous localization) was performed by manual evaluation of the
fragmentation spectra of the individual phosphopeptides. Based on the presence of individual
fragments in the peptide sequence, it was decided whether the localization was accurate or
not.

Quantitative information was assessed and manually validated in Skyline software (Skyline
daily 3.6.1.10230). Normalization of the data was performed using the set of phosphopeptide
standards (added to the sample prior phosphoenrichment step; MS PhosphoMix 1, 2, 3 Light,
Sigma) and by non-phosphorylated peptides identified in direct analyses.

All quantitative data (peptide intensities) were processed by two approaches (see Fig. 3A). In
the first approach (pipeline #1 and #3) that often resulted in the formation of phosphorylated

clusters all identified phosphorylated peptides were considered. This has resulted in three
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categories of identification: (i) one peptide or set of peptides with one clearly localized
phosphorylated site, (ii) one or set of overlapping peptides covering sequence region with two
or more clearly localized phosphorylated sites (phosphorylated sites separated by a commain
the Figures) and (iii) one or set of overlapping peptides covering sequence region with two or
more phosphorylated sites, but some of them are not clearly localized (phosphorylated sites
separated by a dash in the Figures). Sum of intensities of phosphorylated peptides (includes
different peptide sequences, charges and peptides with other modifications) was calculated for
each cluster. In case of direct analysis (pipeline #1), we calculated site occupancies as
percentage ratio of phosphorylated peptide intensity (summed if more than one) to total
intensity (summed intensities of phosphorylated peptide(s) + corresponding non-
phosphorylated peptide(s)). Sites/clusters with the site occupancy > 5 % at least in one
experiment are shown in Fig. 4. For pipeline #3, the difference between the phosphorylated
peptide summed intensity in the kinase-induced sample and the control (in logl0 scale) was
calculated for each replicate and the mean from all three replicates was used for the heat map
(see in Supplementary Fig. 2). In the second approach (pipeline #2), only phosphorylated
peptides with the clearly localized phosphorylation site (based on manua inspection) were
considered. In case of the multiphosphorylated peptides the total intensity of the peptide was
assigned to each phosphorylated site. Sum of intensities of phosphorylated peptides was
calculated for each phosphorylated site. The heat map (Fig. 5) was build-up in the same way
as for pipeline #3 described above. For the production of phosphoplots the sum of intensities
for each phosphorylated site (pipeline #2) were log-transformed (1og10) and average from 3
replicates was calculated (values under the detection limit were not included in the

calculation).

Numerical data & Statistics
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Cluster analysis: Data of absolute peptide intensities were log-transformed (log10) because of
their log-normal distribution. Log-transformed data of each replicate were standardized to
control (kinase subtracted from “no kinase” control) and averaged from 3 replicates. Cluster
analysis was applied both for kinases and for phosphosites; Ward’s minimum variance
method based on the Lance-Williams recurrence and Euclidean distance were used. Circular
plot accompanied by heat map was used for visualization of complex relation among

phosphosites and kinases. All analyses were performed using R software.

Other analyses: One-way ANOVA and Tukey Post tests were calculated by GraphPad Prism

(GraphPad Software Inc.).
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SUPPLEMENTARY MATERIALS

Fig. S1. SDS-PAGE gels from three independent experiments.

Fig. S2. Phosphorylated clusters map of DVLS3.

Fig. S3. Cluster analysis of the individual phosphorylated sites/clusters and individual

kinases.

Table S1. Intensities of the individual phosphorylated sites (raw data).

Table S2. Sequence coverage of DVL3 in the individual experiments.
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A: HEK293 cells were transfected with FLAG-DVL3 and Myc-DVL2 plasmids with wild type (wt) or
kinase dead (KD) TTBK2-GFP. Active TTBK2 promoted phosphorylation-dependent mobility shift of
DVL3 on Western blotting. B: Endogenous TTBK2 (green) localized into distal appendages of the mother
centriole in hTERT-RPEI cells (left). Overexpression of FLAG-DVL3 (stained in red) was not able to
displace TTBK2 from the centriole (right). Centrioles were stained with CAP350 (blue). C: HEK293 cells
were transfected with indicated plasmids, treated with CKle inhibitor PF-670462 (10 pM) and
subsequently analyzed by Western blotting. TTBK2-induced electrophoretic mobility shift of DVL3 was
not diminished upon CK1g inhibition unlike the mobility shift induced by CKle. D: HEK293 cells were
transfected with indicated plasmids and by the TopFLASH reporter system. Luminescence in the cell
lysates was measured 24 h after transfection. Mean, SD and individual data points are indicated. Statistical
differences were tested by One-way ANOVA and Tukey’s post test (* p<0.05, ** p<0.01, *** p<0.001).
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A: Visualization of the kinases wused in this study in the phylogenetic kinome tree
(http://www .kinhub.org/kinmap/). The individual kinases are representatives of distant kinase groups
except for CK1e and TTBK?2 that are members of CK1 superfamily.

B. HEK?293 cells were transfected by plasmids encoding FLAG-DVL3 and the indicated kinase. Ability of
individual kinases to promote DVL3 phosphorylation detected as the electrophoretic mobility shift on WB
was assayed. Alpha-tubulin was used as a loading control.

C, D: HEK293 cells were transfected by indicated plasmids together with TopFlash and Renilla reporter
plasmids. The ability of individual kinases to induce activation of Wnt/B-catenin pathway either alone (C)
or in combination with DVL3 (D) was analyzed. Mean, SD and individual data points are indicated.
Statistical differences were tested by One-way ANOVA and Tukey’s post test (* p<0.05, ** p<0.01, ***
p<0.001, **** p<0.0001)

E: HEK293 cells were transfected in the indicated combinations and the subcellular localization of DVL3
was assessed by immunocytochemistry. DVL3 was localized in two typical patterns — either in cytoplasmic
puncta or evenly dispersed in the cytoplasm (upper panel). Scale bar, 7.5 um. The effects of individual
kinases on DVL3 localization is shown in the bottom panel (HA-DVL3 was used for PLK1 and TTBK2,
FLAG-DVL3 for the rest of kinases). The data represent mean + SD from three independent experiments
(N=3x 200 cells). Statistical significance was confirmed by the comparison of the corresponding control
(DVL3-FLAG or DVL3-HA without kinase) and DVL3 with individual kinases by One-way ANOVA and
Tukey’s post test (* p<0.05, ** p<0.01, n.s. - not significant).
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DIX PDZ DEP

1 MDYKDDDDKGGAPVQIREGGSGPGGMGETKIIYHLDGQETPYLVKLPLPAERVTLADFKGVLQRPSYKFFFKSMDDDFGVVKEEISDDNAKLPCFNGRVV
101 SWLVSAEASHPDPAPFCADNPSELPPPMERTGGIGDSRPPSFHPHAGGGSQENLDNDTETDSLVSAQRERPRRRDGPEHATRLNGTAKGERRREPGGYDS
201 SSTLMSSELETTSFFDSDEDDSTSRFSSSTEQSSASRLMRRHKRRRRKQKVSRIERSSSFSSITDSTMSLNIITVTLNMEKYNFLGISIVDQSNERGDGG
301 IYIGSIMKGGAVTADGRIEPGDMLLQVNEINFENMSNDDAVRVLREIVHKPGPITLTVAKCWDPSPRGCFTLPRSEPIRPIDPAAWVSHTAAMTGTFPAY
401 GMSPSLSTITSTSSSITSSIPDTERLDDFHLSIHSDMAAIVKAMASPESGLEVRDRMWLKITIPNAFIGSDVVDWLYHNVEGFTDRREARKYASNLLKAG
501 FIRHTVNKITFSEQCYYIFGDLCGNMANLSLHDHDGSSGASDQDTLAPLPHPGAAPWPMAFPYQYPPPPHPYNPHPGFPELGYSYGGGSASSQHSEGSRS
601 SGSNRSGSDRRKEKDPKAGDSKSGGSGSESDHTTRSSLRGPRERAPSERSGPAASEHSHRSHHSLASSLRSHHTHPSYGPPGVPPLYGPPMLMMPLPPAA
701 MGPPGAPPGRDLASVPPELTASRQSFRMAMGNPSEFFVDVM

A: FLAG-DVL3 was overexpressed (with or without kinase) in HEK293 cells. After cell lysis DVL3 was
immunoprecipitated using anti-FLAG antibody. Immunoprecipitates were separated on SDS-PAGE gel
electrophoresis, stained with Coomassie brilliant blue and the 1D bands corresponding to DVL3 were
excised, digested with trypsin and subsequently cleaved by chymotrypsin. In the pipeline #1, the aliquot
(1/10) of concentrated sample was directly analyzed by LC-MS/MS in order to analyze site occupancy of
the abundant phosphorylated sites. The rest of the sample was enriched for phosphorylated peptides using
TiO, and analyzed by LC-MS/MS to obtain detailed information of DVL3 phosphorylation status. Data
from LC-MS/MS were searched, manually validated in Skyline software and further processed by two
approaches. In the first approach (pipeline #2) only phosphorylated peptides with the clearly localized
phosphorylated site (based on manual inspection of spectra) were considered. In the second approach
(pipeline #3) we have considered all phosphorylated peptides that in some cases resulted in the formation
of “clusters” of phosphorylated sites.

B. The overall sequence coverage of DVL3 across all kinases and replicates. Regions of DVL3 covered by
the peptides detected (Mascot score > 20) in any of the MS/MS analyses are highlighted in grey. For
sequence coverage in individual samples see Suppl. Table 2.
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Site occupancy analysis was performed according to the pipeline #1 in Fig. 3A. Fifteen phosphorylated

peptides or clusters that were phosphorylated in more than 5 % at least in one replicate are plotted. Graphs
present individual data points from three biological replicates (two controls/biological sample) and the

mean values (horizontal line).
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A) B) 5] D) E)
. Sequence of the Mean intensity of Relative change of phosphopeptide intensities
Domains = DVL1 ~ DVL2  DVL3 ! epitope control i Control  CKle NEK2 PLKf :urorpa Ap p1'r|3|<2 CK2a  RIPKA  PKCS
|
ND (6.00) 11.00| -1.50 2.00
TI5 125 | T15 | LDGQE(PT)PYLVK 6.26 1 1 0 1 1 1 1 1 0
H43  AS1 | s41 | VLQRP(pS)YKFFF ND 0 0 2 0 2 0 0 0 1
- 51 59 $48 | KFFFK(pS)MDDDF 6.53 2 0 3 1 1 2 1 1 0
F64 s72 S61 | VKEEI(pS)DDNAK ND 0 0 0 0 0 1 0 0 0
79 s87 $76 | NGRW(pS)WLVSA ND 0 0 1 0 0 0 0 0 0
L83 s91 S80 | VSWLV(pS)AEGSH 6.17 2 2 2 1 1 2 2 2 1
A87 P95 S84 | VSAEG(pS)HPDPA ND 0 3 3 2 3 0 0 0
T109  T125 | T106 | PPMER(pT)GGIGD ND 0 0 0 0 0 0 0 0
S115  S131 | S112 | GGIGD(pS)RPPSF 6.70 1 0 2 1 1 0 1 1 1
S119  S135 | S116 | DSRPP(pS)FHPHA 3 3 3 3 3 3 3 3 3
S127  S143 | S125 | HAGGG(pS)QENLD 3 3 3 3 3 3 3 3 3
T135  T151 | T133 | NLDND(pT)ETDSL 3 3 3 3 3 3 3 3 3
T137  T153 | T135 | DNDTE(pT)DSLVS 3 b2 3 3 3 L2 3 3 3
$139  S155 | S$137 | DTETD(pS)LVSAQ 3 3 3 3 3 3 3 3 3
S142  S158 | S140 | TDSLV(pS)AQRER 2 2 2 2 2 2 2 2 2
S177  S194 | S175 | PGGYD(pS)SSTLM 3 3 3 3 3 3 3 3 3
A178  S195 | S176 | GGYDS(pS)STLMS 7.46 2 2 2 2 2 2 2 2 2
S179  S196 | S177 | GYDSS(pS)TLMSS 6.05 1 0 1 0 0 0 0 0 0
TI80  T197 | T178 | YDSSS(pT)LMSSE ND 0 0 1 0 0 0 0 0 0
S183  T200 | S181 | SSTLM(pS)SELET 6.35 1 1 2 0 0 0 1 0 0
S184 5201 | S182 | STLMS(pS)ELETT 6.42 2 1 2 1 1 1 1 0 0
S190  S207 | s188 | ELETT(pS)FFDSD 6.61 1 1 1 0 1 0 1 1 0
$194  S211 | S192 | TSFFD(pS)DEDDS 7.04 1 1 1 1 1 1 1 1 1
$199  T216 | S197 | SDEDD(pS)TSRFS 7.85 3 3 3 3 3 3 3 3 3
$201  S218 | S199 | EDDST(pS)RFSSS ND 0 0 1 0 0 1 0 0 1
S204  S221 | S202 | STSRF(pS)SSTEQ 6.62 2 0 2 2 2 1 2 2 2
$205  S222 | 5203 | TSRFS(pS)STEQS 7.45 3 2 3 3 3 2 2 2 2
S206  S223 | S204 | SRFSS(pS)TEQSS 7.54 3 3 s s 3 2 s 3 3
T207  T224 | T205 | RFSSS(pT)EQSSA 6.45 1 1 2 1 1 0 1 1 0
S210  S227 | S208 | SSTEQ(pS)SASRL 7.04 3 3 3 3 3 3 3 3 2
T211  S228 | S209 | STEQS(pS)ASRLM 7.72 3 3 3 3 3 3 3 3 3
$213  S230 | S211 | EQSSA(pS)RLMRR 6.37 1 3 2 1 1 2 1 0 1
A234  T250 | S232 | SRIER(pS)SSFSS 6.17 1 1 1 1 1 1 1 1 1
$235  S251 | S233 | RIERS(pS)SFSSI 6.12 1 0 3 2 2 1 1 1 0
$236  S252 | S234 | IERSS(pS)FSSIT 6.50 1 1 3 3 2 1 1 1 1
$238  S254 | S236 | RSSSF(pS)SITDS 6.35 2 0 1 1 2 0 2 2 1
$239  S255 | S237 | SSSFS(pS)ITDST 6.20 1 0 0 0 1 0 1 1 0
S246  S262 | 5244 | TDSTM(pS)LNIIT 6.45 1 1 1 1 1 1 1 1 1
T253 1269 | T251 | NIITV(pT)LNMEK 6.36 1 1 1 1 1 1 1 1 1
H259 | Y275 | Y257 | LNMEK(pY)NFLGI 6.36 1 1 1 1 1 1 1 1 1
$265  S281 | S263 | NFLGI(pS)IVGQS 6.93 2 3 3 3 3 2 2 2
PDZ | S270 5286 | S268 | SIVGQ(pS)NERGD 7.32 3 3 3 3 3 3 3 3
$282 5298 | 5280 | GIYIG(pS)IMKGG ND 0 1 1 0 0 0 0 0 0
A290  A306 | T288 | KGGAV(pT)ADGRI ND 0 1 2 0 0 0 0 0 1
S313 5329 | S311 | NFENM(pS)NDDAV 6.52 1 1 1 1 1 1 1 1 1
T342  S358 | S340 | KCWDP(pS)PRGCF 6.26 3 3 3 3 3 3 3 3 2
T348  T364 | T346 | PRGCF(pT)LPRSE ND 0 2 2 0 0 0 0 0 0
A352  N368 | S350 | FTLPR(pS)EPIRP 6.37 2 2 2 0 o BEE o 0 0
S365  S381 | S363 | PAAWV(pS)HTAAM ND 0 0 1 0 0 0 0 0 0
396 - $393 | SSSIT(pS)SIPDT 6.20 1 0 1 0 0 0 0 0 0
397 - $394 | SSITS(pS)IPDTE 6.20 1 0 1 0 0 0 0 0 0
T410 418 | S407 | DDFHL(pS)IHSDM 6.06 1 1 1 1 1 1 1 1 1
SA13  T421 | S410 | HLSIH(pS)DMAAI ND 0 1 1 0 0 0 0 0 0
1424 A432 | S421 | VKAMA(pS)PESGL 6.91 3 2 3 3 3 3 3 3 3
SA27  S435 | S424 | MASPE(pS)GLEVR 6.06 1 1 1 0 0 1 0 0 0
A448 456 | S445 | NAFIG(pS)DVVDW ND 0 0 1 0 0 0 0 0 0
DEP | K462  P470 | T459 | NVEGF(pT)DRREA ND 0 0 2 0 0 0 0 0 0
S472  S480 | S469 | ARKYA(pS)NLLKA 6.09 1 0 0 1 1 1 1 1 1
T488  T496 | T485 | TVNKI(pT)FSEQC ND 0 0 1 0 0 0 0 0 0
NS08  $520 | S505 | NMANL(pS)LHDHD 6.27 2 2 3 2 1 2 0 0 0
S513  $527 | S512 | HDHDG(pS)SGASD 7.44 2 3 3 2 2 3 2 2 2
S514  S528 | S513 | DHDGS(pS)GASDQ 6.61 1 1 1 1 1 1 1 1 0
S517  S531 | S516 | GSSGA(pS)DQDTL 6.86 2 2 2 2 2 2 1 1 1
S559  T575 | S559 | PELGY(pS)YGGGS 6.52 2 2 2 2 2 1 1 1 1
G566 ~ S582 | S566 | GGGSA(PS)SQHSE ND 0 0 1 0 0 0 0 0 0
S567  S583 | S567 | GGSAS(pS)QHSEG 6.68 2 2 2 2 2 2 1 2 2
S570  S586 | S570 | ASSQH(pS)EGSRS 6.69 2 2 2 2 2 2 1 2 2
S573  S589 | S573 | QHSEG(pS)RSSGS 6.69 2 2 2 2 2 2 2 2 2
S575  $591 | S575 | SEGSR(pS)SGSNR 6.69 2 2 1 2 2 1 2 2 1
AS97 616 | S598 | AGDSK(pS)GGSGS 6.16 1 1 1 0 0 0 0 1 0
S600  S618 | S601 | SKSGG(pS)GSESD 6.02 1 2 2 0 2 0 0 1 1
S602  S620 | S603 | SGGSG(pS)ESDHT 6.09 1 2 2 0 1 0 1 1 1
S604  S622 | S605 | GSGSE(pS)DHTTR 6.24 3 2 3 1 1 3 1 2 2
T607 625 | T608 | SESDH(pT)TRSSL ND 0 1 2 0 1 2 0 0 2
A608 | S626 | T609 | ESDHT(pT)RSSLR 6.13 1 1 1 0 1 1 1 0 1
- G629 | S611 | DHTTR(pS)SLRGP 6.78 3 2 2 2 2 2 2 2 2
- $630 | S612 | HTTRS(pS)LRGPR 6.60 2 2 2 1 1 1 1 2 1
S614  T640 | S622 | RERAP(pS)ERSGP 7.82 3 3 3 3 3 3 3 3 3
R617 G643 | S625 | APSER(pS)GPAAS 8.13 3 3 3 3 3 3 3 3 3
G622  S648 | S630 | SGPAA(PS)EHSHR 6.43 2 2 2 0 1 2 1 2 0
S625  S651 | S633 | AASEH(pS)HRSHH 6.33 1 1 1 1 1 1 1 1 0
S628 G654 | S636 | EHSHR(pS)HHSLA 6.63 2 3 2 2 3 2 2 0
- - $639 | HRSHH(pS)LASSL ND 0 0 0 3 0 0 1
P630  P656 | S642 | HHSLA(pS)SLRSH 6.27 3 1 2 3 2 2 1
R631  N657 | S643 | HSLAS(pS)LRSHH 6.11 1 2 2 1 1 2 1 1 1
G640  P666 | S652 | HHTHP(pS)YGPPG ND 0 0 1 0 0 0 0 0 0
S676  S717 | S697 | PELTA(pS)RQSFR 6.08 1 1 2 0 0 0 0 0 0
S679 5720 | S700 | TASRQ(pS)FRMAM 8.62 3 3 3 3 3 3 3 3 3

.
ND (6.00) 11.00 -1.50 2.00
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All identified pflosp?}/o[%yelatlon ffes obtamed from the pipeline #2°%are Visualized as a eatmap. Color

intensities reflect relative change in the site phosphorylation (red — decrease, green — increase). Following
additional information is also provided:

A) Corresponding sites in human DVL1 and DVL2. Positions conserved in DVL1 and/or DVL2 either as
Ser or Thr are highlighted in yellow. Position of the structured domains (DIX, PDZ and DEP) is indicated.

B) The sequence of the phosphorylated epitope. Five amino acids before and after the identified
phosphorylated site are shown.

C) Mean absolute intensities of the phosphorylation sites in the control (DVL3 without exogenous kinase;
N=6) are expressed in the shades of blue. Numbers indicate decadic logarithm of the mean. ND indicated
in white corresponds means “not detected”. All signals lower than 1x10°, corresponding to log value 6.0
were considered as not detected.

D) Nine columns represent heat map of relative change of phosphorylated peptide intensities (in logl0
scale) obtained for individual kinases (relative to control). Numbers in the heatmap fields (0, 1, 2, 3)
indicate the number of experimental replicates with the positive identification of the given phosphorylated
site.

E) Grey boxes indicate the position of clusters of sites analyzed also according to the pipeline #3 in the
Suppl. Fig. 2.
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The clusters of Ser/Thr where 3
or more phosphorylated sites in
one peptide were analyzed (i.e.
multiphosphorylated peptides).
Graphs indicate total intensities

of the multiphosphorylated
peptides  from  all  three
replicates; signal intensities

from pipeline #1 and #3 are
merged. Multiple sequence
alignment shows the
evolutionary conservation of the
motif among individual DVL
isoforms. All combinations of
individual multiphosphorylated
peptides detected in the cluster
are indicated.
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A-D. Comparison of methods. Existing phosphorylation-specific antibodies were used to visualize the
level of phosphorylation of DVL3 with our kinase panel. HEK293 cells were transfected by the indicated
combination of plasmids and analyzed by Western Blotting. Reactivity of individual phosphoantibodies
against DVL3 phosphorylated by individual kinases is shown. Western blots are quantified using ImageJ
software as absolute values for peak areas of corresponding bands and the intensities were normalized to
the control. Mean intensities of the phosphorylated peptides obtained by MS/MS via pipelines #1 and #2
are shown in the shades of grey. Numbers indicate decadic logarithm of the mean peptide intensity. “Not
detected” (ND) indicated in white corresponds to the signals below 1x109, i.e. 6.0. A. anti-pS192 (this
study), B. anti-pS280, C. anti-pS643, D. anti-pS697.
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DIX
DIX

Visualization of absolute intensity of phosphorylated peptides corresponding to the individual phosphorylated
sites plotted on the primary sequence of DVL3 (only Ser and Thr are shown). Black bars represent a control
condition, red bars the intensities in the presence of the kinase. Intensities are plotted on a log10 scale.
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Figure 8. Phosphoplots - phosphorylat
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