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Pathogenic mutations of human
phosphorylation sites affect protein–protein
interactions

Trendelina Rrustemi1, Katrina Meyer 1,5, Yvette Roske1, Bora Uyar 1,
Altuna Akalin 1, Koshi Imami 2,6, Yasushi Ishihama 2, Oliver Daumke 1,3 &
Matthias Selbach 1,4

Despite their lack of a defined 3D structure, intrinsically disordered regions
(IDRs) of proteins play important biological roles. Many IDRs contain short
linear motifs (SLiMs) that mediate protein-protein interactions (PPIs), which
canbe regulatedbypost-translationalmodifications like phosphorylation. 20%
of pathogenic missense mutations are found in IDRs, and understanding how
such mutations affect PPIs is essential for unraveling disease mechanisms.
Here, we employ peptide-based interaction proteomics to investigate 36
disease-associated mutations affecting phosphorylation sites. Our results
unveil significant differences in interactomes between phosphorylated and
non-phosphorylated peptides, often due to disrupted phosphorylation-
dependent SLiMs. We focused on a mutation of a serine phosphorylation site
in the transcription factor GATAD1, which causes dilated cardiomyopathy. We
find that this phosphorylation site mediates interaction with 14-3-3 family
proteins. Follow-up experiments reveal the structural basis of this interaction
and suggest that 14-3-3 binding affects GATAD1 nucleocytoplasmic transport
by masking a nuclear localisation signal. Our results demonstrate that patho-
genic mutations of human phosphorylation sites can significantly impact
protein-protein interactions, offering insights into potential molecular
mechanisms underlying pathogenesis.

Understanding protein function in health and disease is a key chal-
lenge in the post-genomic era1. Omics techniques provide a wealth of
data, but mechanistic understanding is often lagging behind. For
example, although sequencing technologies have identified numerous
single amino acid variants (SAVs), their functional implications remain
mostly unknown, even when they have been linked to disease2–4. Pro-
teins are alsomodified by posttranslationalmodifications (PTMs) such
as phosphorylation, and proteomics can now routinely identify tens of
thousands of phosphorylation sites5–8. However, most sites have no

known kinase or biological function9. Hence, while genomic and pro-
teomic technologies provide abundant information about SAVs and
PTMs, respectively, how these changes affect protein function remains
largely unexplored.

The classical sequence-structure-function paradigm posits that
amino acid sequences determine protein structure and therefore
protein function. Accordingly, the impact of SAVs andPTMsonprotein
function is often investigated froma structural angle. However, around
40%of the proteome consists of intrinsically disordered regions (IDRs)
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that have low sequence complexity10, and over 20% of known disease-
associated and cancer driver mutations affect amino acid residues in
IDRs11,12. Amino acids in IDRs are also frequently modified by PTMs13–15.
Due to the lacking structure-function relationship, understanding how
SAVs and PTMs in IDRs affect protein function is especially
challenging.

It is now well established that IDRs are critically involved in vir-
tually every cellular process16. They achieve this in a number of dif-
ferent ways such as the induction of structural changes in adjacent
structured regions, transitioning from disorder-to-order, and/or by
mediating protein-protein interactions17–19. Protein-protein interac-
tions in IDRs are mediated by so-called short linear motifs (SLiMs) –
sequence stretches shorter than ten amino acids with simple specifi-
city determinants that are recognized by cognate domains in inter-
acting proteins20,21. Importantly, many SLiM-mediated interactions are
dynamically regulated by PTMs, and the dynamic interplay between
specific PTMs (e.g. tyrosine phosphorylation) and recruitment of
protein readers with cognate domains (e.g. SH2 domains) plays a
pivotal role in cell signaling22. In fact,more than20%of validated SLiMs
in the Eukaryotic Linear Motif (ELM) database are post-translationally
modified, with phosphorylation being themost commonmodification
type23.

A number of different experimental approaches to map the SLiM-
based interactome have been established21. One such approach is
peptide-based interaction proteomics (reviewed by24). It employs
synthetic peptides corresponding to IDRs of interest that are used to
pull-down interacting proteins from complex protein lysates. In com-
bination with the parallel synthesis of peptides on cellulose mem-
branes (SPOT synthesis)25, the throughput of peptide-based
interaction proteomics can be greatly increased24,26,27. This Protein
Interaction Screen on Peptide Matrix (PRISMA) method has been
applied in a number of recent studies28–30. For example, we used
PRISMA to study how pathogenic mutations in IDRs affect protein-
protein interactions (PPIs). This revealed that a pathogenic point
mutation in the glucose transporter GLUT1 causes GLUT1 deficiency
syndrome by creating a SLiM that recruits adaptor proteins and
mediates GLUT1 endocytosis30. A key advantage of peptide pulldown
approaches is that the peptides can be synthesized in modified forms,
enabling direct assessment of the impact of PTMs on PPIs27,28,31–34.

Disease-associated SAVs in IDRs are enriched at interaction
interfaces, supporting the view that many mutations in IDRs cause
disease by affecting PPIs35. However, if and how these perturbed
interactions also involve PTMs is not well understood. Since both
disease-associated SAVs and PTMs can affect PPIs, we reasoned that
studying SAVs that affect known phosphorylation would be particu-
larly interesting.

In this work, we investigate the interplay of disease-associated
SAVs and PTMs on protein-protein interactions. Specifically, we select
SAVs affecting known phosphorylation sites and ask if the SAV and/or
the phosphorylation state of the site changes protein-protein inter-
actions. To this end, we use PRISMA to directly compare the inter-
actome of the wild-type, mutated and phosphorylated site.

Results
PRISMA for phosphorylation and disease SAV interactions
To assess how disease-related SAVs of protein phosphorylation sites
affect protein-protein interactions, we first selected pathogenic mis-
sense mutations of known serine, threonine or tyrosine phosphoryla-
tion sites. To this end, we used the PTMvar dataset from
PhosphositePlus that maps posttranslational modification sites to
disease-associated genetic variants36, see Methods for more details on
variant classification. At the time, this dataset included 33,359 entries,
including 12,658 disease-associated mutations from various databases
(COSMIC, Uniprot Humsavar, TCGA, cBio) and seven types of post-
translationalmodifications. After filtering for mutations in intrinsically

disordered regions, we obtained 1965mutations, of which 126 directly
affected the phosphorylated amino acid. We then selected mutations
that had no other annotatedmodificationswithin seven amino acids of
the target residue. This filtering resulted in a final set of 38 disease
candidates derived from 34 different proteins (Fig. 1A, Supplemen-
tary Data 1).

To experimentally investigate how mutation and/or phosphor-
ylation of these sites affects protein-protein interactions,we employed
a peptide-based interaction screen24. In particular, we adapted the
Protein interaction screen on peptide matrix (PRISMA) set-up, where
peptides are synthesizedona cellulosematrix that is used topull-down
interaction partners from protein extracts directly27,30,37. To evaluate
the impact of both the disease-associated mutation and phosphor-
ylation, we designed an experiment that allowed us to compare
interactions of all three peptide states (wild-type non-phosphorylated,
wild-type phosphorylated, and mutated) directly with each other
(Fig. 1C). All 38 peptides were synthesized on cellulose membranes via
SPOT synthesis25 as 15-merswith the phosphorylation site in the central
position.

We also included the three forms of a well-characterized EGFR-
derived phosphopeptide as a positive control31. Thus, the cellulose
membranes contained 3 × 39 = 117 different peptide spots. For quan-
tification, we employed stable isotope labeling with amino acids in cell
culture (SILAC)38. We used lysates of unlabelled (light or L), medium
heavy (M), or heavy (H) SILAC-labeled HEK-293 cells. Each of the three
differently SILAC-labeled cell lysates was incubated with a different
copy of the cellulose membrane to pull-down specific interaction
partners. After washing, peptide spots with their bound proteins were
excised and combined with the two other peptide states from the
other two membranes. We always combined the pull-downs of the
wild-type non-phosphorylated, wild-type phosphorylated, and muta-
ted peptides from three membranes into one sample. In this way,
SILAC-based quantification allows us to directly evaluate differences in
binding partners across the three peptide states.

We analyzed all 117 combined samples by high-resolution shotgun
proteomics. Two of the 38 mutations were mixed up and were there-
fore excluded. In each of the remaining 111 samples, we identified
between 300 and 1000proteins (Supplementary Fig. 1A),which results
in a total number of about 70,000 putative protein-peptide interac-
tions. The correlation of label-free quantification (LFQ) values between
replicates was considerably higher than the correlation between dif-
ferent peptide pulldowns, demonstrating good reproducibility (Sup-
plementary Fig. 1B). To further validate the data we grouped the
~70,000 putative protein-peptide interactions into two categories:
those that canbe explained by amatching SLiM-domain pair and those
that cannot. More specifically, we considered all known Eukaryotic
Linear Motif (ELM) classes (356 classes) and all known PFAM domains
(180 unique PFAM domains) that are known to recognize SLiMs from
the ELM database39. For each pulldown, we then asked if proteins
contain a PFAM domain that matches to a SLiM in the respective
peptide, i.e. that the interaction can be explained by a SLiM-domain
pair (see Supplementary Data 3). We observed higher protein LFQ
values, i.e. enrichment, in pulldowns when the peptide exhibited a
SLiM matching a protein domain, thus demonstrating that our data
provides valuable insights into SLiM-dependent interactions (Supple-
mentary Fig. 1C). To provide a more detailed picture, we looked at the
four most frequently observed SLiMs mediating interactions (motif
class type “DOC” and “LIG” in ELM) (Supplementary Fig. 2). For
example, we observe that proteins containing a WW domain pre-
ferentially bind to peptides harboring corresponding motifs. Impor-
tantly, 14-3-3, SH2 and WW domain-containing proteins bind
preferentially to the phosphorylated form of the peptide, consistent
with the phosphorylation-dependent nature of these interactions. In
contrast, SH3 domain-containing proteins interact with cognate SLiMs
in a phosphorylation-independent manner (Supplementary Fig. 2).
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Fig. 1 | Candidate selection and experimental design. A Selection scheme for
peptide candidates from the PTMvar database of PhosphositePlus. BOut of the 38
peptide candidates included in the screen, 20 are associated with cancer, 17 cause
Mendelian diseases and for 1 candidate the disease is undefined. C A scheme

illustrating the experimental design and data analysis of the PRISMA screen. Three
peptide states (empty: wild-typenon-phosphorylated, P: wild-type phosphorylated,
star: mutated).
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Overall, these data show that the observed global relationship also
holds for individual SLiM-domain pairs.

Quantification enables detection of specific interactions
Quantification is an efficientmeans to differentiate specific interaction
partners fromnon-specific contaminants40–43. Followingour previously
published strategy30, we used two consecutive quantitative filters to
identify proteins that exhibit both specific interactions with a parti-
cular peptide and are influenced by its phosphorylation and/or
mutation state. First, we used label-free quantification (LFQ) to identify
proteins that interact specifically with a peptide compared to all other
peptides in the screen. To achieve this, we utilized a Wilcoxon test to
contrast the proteins derived from a single peptide with the back-
ground. For the EGFR control peptide, this LFQfilter identified2, 2, and
12 specific interaction partners of the wildtype, muted and phos-
phorylated state, respectively (Fig. 2A). Second, we employed SILAC-
based quantification to compare interactions across these three pep-
tide states. We present the SILAC ratios of wildtype versus mutant and
wildtype versus phosphorylated states as a scatter plot (Fig. 2B). Dif-
ferential proteins were identified based on their log2 wt/mut, wt/phos,
and phos/mut ratios being either greater than 1, or less than −1. As
expected for the tyrosine-phosphorylated EGFR peptide, a number of
SH2-domain containing proteins are LFQ-specific interactors of the
phosphorylated form (Fig. 2A, right panel), and the SILAC data con-
firms their phosphorylation-dependent interaction (Fig. 2B). The
autophosphorylated EGFR peptide has been shown to bind to the
GRB2 protein31,32,44. In our analysis, as depicted in the scatter plot, it is
evident that GRB2 exhibits the highest phos/wt and phos/mut ratio
>20, in all three replicates. MS1 spectra for a GRB2-derived peptide
across label swaps are shown as an example (Fig. 2C). In addition to
GRB2, we identified several other SH2 domain-containing proteins as
binders, including STAT3 and PLCG1, consistent with previous data32.
More detailed information on the data analysis pipeline can be found
in the section ‘Data Analysis’ of the Methods.

Having validated our quantitative filters for the positive control,
we applied this strategy to the entire dataset (Supplementary
Figs. 4–39). LFQ-based filtering reduced the ~70,000 interactions to
approximately 500 (Fig. 2E and Supplementary Fig. 3B). 70 of the 111
peptides had at least one specific interaction partner and 31 out of 37
peptide triplets had at least one specific and differential binding
partner (Fig. 2D and Supplementary Fig. 3A). Among all LFQ-specific
interactors, SILAC-based filtering identified 170 interactions to be
differential between the three peptide states. Thus, our filtering
approach dramatically reduces the number of interactions. Among the
specific and differential interactors, 105 preferentially interact with the
phosphorylated peptide, 33 with the non-phosphorylated wild-type,
and 32 with the mutated peptide (Fig. 2E, Supplementary Fig. 3C and
Supplementary Data 2).

A network of interactions affected by phosphorylation
We present all 170 specific and differential interactions with the 31
peptides in the form of an interaction network (Fig. 3A). To illustrate
which interactions can be explained by protein domains binding to a
peptide SLiM, we extracted all annotated SLiMs from the peptide
sequences and highlighted the proteins in the network that contain
matching domains. For example, the network contains three tyrosine
phosphorylated peptides (including the EGFR control) that have SH2-
domain binding SLiMs, and we identified six SH2 domain-containing
proteins as specific and differential interactors (Fig. 3B). Interactors
other than thosecontaining SH2domains likely bind indirectly to these
tyrosine phosphorylated peptides. For instance, the interaction
between the EGFRpeptide and SOS1 is likelymediated throughGRB245.
We also observed twelve peptides interacting with PIN1 (Peptidyl-
prolyl cis/trans isomerase NIMA-interacting 1) (Fig. 3C). 10 of these
peptides contain an [pS/T]P motif, known to interact with the WW

domain of PIN146. 8 out of 10 peptides contain the motif at the phos-
phorylated site, while 2 others contain it in the adjacent sequence.
Finally, we were intrigued by the observation that MMTAG2, ARL6IP4,
and PC4 interact with many phosphopeptides (9, 7, and 6, respec-
tively).While these proteins do not contain annotated domains known
to mediate phosphorylation-dependent binding, they carry regions
with compositional bias for basic amino acids and have high predicted
isoelectric points (Fig. 3D). These proteins are therefore positively
charged in the neutral pH range we used in the pulldown. Since
phosphate groups are negatively charged, the observed
phosphorylation-dependent interaction could reflect electrostatic
effects. In summary, our interaction network contains a number of
phosphorylation-dependent interactions that can be explained by
SLiM-domain pairs or other specific protein features. Nevertheless, a
majority of the identified interactions are distinct, offering significant
potential for elucidating the impact of SAVs and/or phosphorylation
on protein function.

S102 in GATAD1 interacts with 14-3-3 proteins
To further investigate the potential function of distinct interactions,
we directed our attention to the binding of multiple members of the
14-3-3 family of proteins to aGATAD1-derived phosphopeptide (Fig. 4A
and Supplementary Fig. 11). 14-3-3 family proteins are important reg-
ulatory molecules involved in a staggering number of cellular pro-
cesses that interact with target proteins in a phosphorylation-
dependent manner47–49. GATAD1 is a transcription factor affecting
proliferation and cell cycle via controlling AKT signaling50. The
GATAD1 S102P mutation we investigated in the screen was described
to cause dilated cardiomyopathy (DCM) in an autosomal recessive
manner in a consanguineous family51. Interestingly, the mutation
appears to affect the subcellular localisation of GATAD1 in cardio-
myocytes of patients carrying this mutation. This is interesting since
14-3-3 proteins have been shown to regulate the subcellular localisa-
tion of their binding partners. Experiments in zebrafish provided
additional evidence for the pathogenicity of this mutation52. However,
neither the pathogenic mechanism nor the function of this GATAD1
phosphorylation site are currently known. Intriguingly, although
GATAD1 is expressed in many tissues, the only evidence for phos-
phorylation of this site comes frommurine heart tissue, indicative of a
heart-specific function36,53.

To further characterize the interactome of WT and mutated
GATAD1 we used affinity purification-mass spectrometry (AP-MS)
using the FLAG tag54. To this end, we generated stable inducible Flp-
InTM-293 cells expressing GATAD1 fused to the promiscuous biotin
ligase BirA* and FLAG tag in the N-terminus. We created four different
GATAD1 variants: The wild-type protein (WT), the disease-associated
S102P variant, a non-phosphorylatable S102A variant, and a phos-
phomimetic S102D variant. Immunofluorescence confirmed that all
the BirA*-FLAG-GATAD1 fusion proteins localize to the nucleus (Sup-
plementary Fig. 40). This observation suggests that the point muta-
tions do not affect the nuclear localization of GATAD1. AP-MS studies
identified 47 proteins as specific WT GATAD1 interactors (Fig. 4B and
Supplementary Data 4). This included several well-known GATAD1
binders such as the transcriptional regulators KDM5A, RBBP7/4 PHF12,
and SIN3B. Together, these proteins form the EMSY complex, which
binds to H3K4me3-marked, active promoters33,55. More globally, gene
ontology enrichment analysis of these 47 proteins revealed their
involvement in Sin3 complex and transcriptional corepressor
activity33,55, consistent with the known biology of GATAD1.

Overall, the AP-MS data for all the GATAD1 mutant variants was
very similar to the wild-type with the same interaction partners iden-
tified in all (Fig. 4B). Moreover, we did not detect 14-3-3 family proteins
as significantGATAD1 interactorswith anyof the variants.Onepossible
explanation for this could be that GATAD1 is not phosphorylated on
S102 in HEK cells. Indeed, the interactome of wild-type GATAD1 and
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that of the non-phosphorylatable control (S102A) were almost iden-
tical (Fig. 4B and Supplementary Data 4). Moreover, even though
GATAD1 is widely expressed and multiple phosphorylation sites (T34,
T52, S55, S194, S235, Y248) have been identified in different cell lines
(HeLa, KG1, K562, MKN-45), the only evidence for S102 phosphoryla-
tion comes from murine heart tissue36,53. To mimic phosphorylation,
we created the S102Dmutant that introduces a negative charge and is

thus considered to be phosphomimetic56,57. Nevertheless, this parti-
cular mutant also did not exhibit any interaction with 14-3-3 pro-
teins. (Fig. 4B).

A complementary approach to assess cellular protein interactions
is proximity labelling. In contrast to AP-MS, proximity labeling meth-
ods like BioID do not require stable physical interactions. Instead, they
capture the ‘neighborhood’ of proteins in the context of a living cell58.
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We therefore also applied BioID to our GATAD1 variants. The results
were overall consistent with the AP-MS data, with BioID yielding a
higher number of interaction partners (Supplementary Fig. 41 and
Supplementary Data 6). These interaction partners included several
well-knownmembers of the EMSY complex, such as EMSY, PHF12, and
SIN3A33,55 and also other described GATAD1 interactors such as
ZMYND859. Most importantly, we also did not observe increased
interaction of 14-3-3 proteins with the phosphomimetic variant in the
BioID data.

It should be noted that phosphomimetic mutations do not reca-
pitulate all features of a phosphorylated residue60,61. Although, phos-
phomimetic mutations have been successfully employed to imitate
phosphorylation in many cases56,62–64, there are instances where they
do not effectively replace phosphorylated amino acids. This is espe-
cially relevant for interactions to 14-3-3 proteins where phosphomi-
metic mutations mostly failed to mimic phosphorylation65–70, except
for one example71. The observed variations in behavior can be attrib-
uted to the contrasting biochemical properties of phosphorylated
serine/threonine residues and aspartic/glutamic acid. In fact, the abil-
ity to work with phosphorylated peptides instead of phosphomimetic
mutants is a key advantage of the peptide pulldown approach over
genetic screens such as yeast two-hybrid and phage display72,73.

To unambiguously test whether or not GATAD1 phosphorylated
on S102 binds to 14-3-3 family proteins we turned to isothermal titra-
tion calorimetry (ITC). To this end, we expressed human recombinant
14-3-3 epsilon (YWHAE) as a GST fusion protein and assessed its
interaction with various peptides (Fig. 5A). We found that GATAD1
pS102 interacted with 14-3-3ε with a binding constant of about 3 µM
(Fig. 5A). This interaction strictly depends on the phosphorylation of
S102: Neither the non-phosphorylated wild-type peptide nor the pep-
tide with the disease-linked S102P mutation showed detectable bind-
ing (Fig. 5A). Importantly, the ITC data also showed that the
phosphomimetic S102D and S102E mutant peptides do not interact
with 14-3-3ε (Fig. 5A). Hence, phosphomimetic mutations of this
phosphorylation site do not recapitulate the phosphorylated state,
explaining the AP-MS and BioID data.

Structural analysis of the GATAD1 14-3-3 interaction
The discrepancy between the phosphorylated GATAD1 and the phos-
phomimetic mutants renders cell biological experiments involving
these mutants inconsequential. Therefore, we focused on a more
detailed structural analysis of the interaction with the phosphorylated
peptide instead.

First, we sought to better characterize the GATAD1 14-3-3 binding
motif. The Cantley lab initially determined two 14-3-3 recognition
motifs (RSXpSXP and RXF/YXpSXP) using degenerate peptide
libraries74. Although neither of these motifs exactly matches the
GATAD1phosphorylation site, some sequence similarities areapparent
(Fig. 5B). Additionally, motif prediction platforms like Scansite75 and
14-3-3pred76 identify this region as having the top scores for potential
14-3-3binding,with values of 0.358 and0.778, respectively (Fig. 5B). To
experimentally determine which amino acids surrounding GATAD1-
pS102 are important for 14-3-3 binding we used alanine scanning77. To
this end, we individually replaced each amino acid surrounding the

phosphorylation site by alanine in a PRISMA screen (Fig. 5C). Among
the total number of 1367 proteins detected in triplicate experiments,
121 were found to differ significantly between the 15 peptides, includ-
ing six 14-3-3 protein family members (14-3-3 beta/alpha, gamma,
epsilon, zeta, eta and theta). Comparing the abundance of the 14-3-3
proteins across peptide pulldowns yields a number of important
insights (Fig. 5C). First, all six 14-3-3 family proteins show essentially
identical binding preferences. This observation is in line with recent
studies indicating that 14-3-3 paralogs have very similar target-binding
tendencies78,79. Second, all alanine-substituted phosphopeptides
pulled downmore 14-3-3 proteins than any of the non-phosphorylated
peptides. Hence, the interaction strictly depends on phosphorylation,
corroborating the ITC results. Third, we identified proline in position
+2 and alanine in position +1 (substituted by glycine) as being impor-
tant for binding while replacing none of the other amino acids had a
significant effect. The relevance of proline at the +2 position is in good
agreement with both 14-3-3 binding motifs. Also, while studies have
shown that there is no strongpreference for any specific aminoacids in
the +1 position, specific amino acids are not tolerated at this position,
including glycine74. This explains our observation that changing the
alanine at position +1 to glycine disrupts binding.

To further investigate the different binding behavior of the tested
GATAD1 peptides, we used X-ray crystallography to obtain the struc-
ture of 14-3-3ε in complex with the GATAD1 phosphopeptide at 3.1 Å
resolution (see Supplementary Table 1 for the complete data statis-
tics). The two 14-3-3ε proteins in the asymmetric unit (ASU) of the
crystals formed a two-fold symmetric homodimer, which is typical for
the 14-3-3 protein family. Eachmonomer consists of nine α-helices and
harbors one phosphorylated GATAD1 peptide in a binding groove
formed by helices α3,α5,α7, andα9 (Fig. 5D). Superimposing the 14-3-
3ε structure with the 14-3-3ζ structure bound to phosphorylated
polyomavirus middle-T antigen (mT)74 revealed a high overall struc-
tural similarity with a root mean square deviation (RMSD) of 0.87 for
421 superimposed Cα atoms.

Residues 98-107 of the GATAD1 peptide were resolved in the
electron density in both 14-3-3ε molecules in the ASU, while residues
108-109 were only visible in one of them (Fig. 5D). 14-3-3ε binds the
central phospho-serine 102 of the GATAD1 peptide via the triad Arg57,
Arg130, and Tyr131, which is highly conserved in the 14-3-3 family. In
addition, Lys50 of 14-3-3ε directly interacts with the phosphate group
of thepeptide (Fig. 5D). GATAD1 Pro104packs into ahydrophobic cage
formed by 14-3-3ε Leu219, Ile220, and Leu223, whereas Tyr100 of the
peptide shows aT-shapedπ stacking against Tyr182 andTrp231 of 14-3-
3ε. Additional hydrogen bonds between the main chain of the peptide
and 14-3-3 residues Asn176, Asn227, and Asp216 (only in onemonomer
of the ASU) contribute to the peptide orientation (Fig. 5D, bottom).

Our structure explains the deficits of the non-phosphorylated
GATAD1 peptide and the pathogenic S102P and the phosphomimetic
S102D peptide variants to interact with 14-3-3ε. The non-
phosphorylated serine, as well as the proline chain (in the S102P var-
iant) and the aspartic acid side chains (in the S102D peptide variant),
are too short to reach into the positively charged triad patch in 14-3-3ε
for proper binding (Fig. 5D, bottom). A glutamic acid side chain in the
S102E mutant, on the other hand, appears to be able to reach into the

Fig. 2 | Quantification enables the detection of specific interactions. A Volcano
plots, generated after Wilcoxon testing based on LFQ quantification, illustrate that
only the phosphorylated form of the EGFR control peptide displays specific inter-
actions with SH2 domain-containing proteins (Log2 fold change >2 and p-value <
0.005). Proteins surpassing the LFQ significance threshold are color-coded for
clarity (blue: phosphopeptide specific, orange: wild-type and mutated peptide
specific, pink: specific for all three peptide forms). B Scatter plot depicting SILAC
ratios for the positive EGFR control. The x-axis denotes themedianWT/MUT ratios,
while the y-axis represents the median WT/PHOS ratios of triplicates. Notably,

several SH2 domain-containing proteins exhibit negative WT/PHOS ratios, indi-
cating preferential binding to the phosphorylated EGFR control peptide. C Mass
spectra of an exemplary GRB2 peptide show specific GRB2 binding to the phos-
phorylated EGFRpeptide in all three replicates.D Among all 111 peptide pulldowns,
70 exhibited at least one specific interactor (left), while 31 out of 37 peptide triplets
had at least one specific and differential binder (right). E The application of two
quantitative filters substantially reduced the number of interactions, with LFQ fil-
tering revealing approximately 500 specific interactors and SILAC filtering identi-
fying 170 specific and differential interactors.
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binding triad; however, it is not able to form a hydrogen bond with
Tyr131 nor Lys50 of 14-3-3ε (Fig. 5D, bottom right). In summary, our
structural analyses reveal the sequence and structural requirements
for GATAD1 pS102 14-3-3ε interaction, explaining why binding strictly
depends on phosphorylation and why it cannot be mimicked by
phosphomimetic mutations.

The 14-3-3 binding region in GATAD1 is a NLS
The absence of a cellular model mimicking GATAD1 phosphorylation
complicates the analysis of the functional consequences of the inter-
action with 14-3-3 family proteins. To shed more light onto possible
cellular mechanisms we took a closer look at the 121 proteins found to
interact differentially to the 15 peptides in the alanine scanning
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experiment (Fig. 6A and Supplementary Data 5). Intriguingly, we
observed a cluster of 72 proteins that specifically interacted with all
non-phosphorylated GATAD1 peptides. Enrichment analysis of KEGG
pathways and Reactome Gene Sets identified nucleocytoplasmic
transport as themost significantly enriched term (Fig. 6A),with several
carrier proteins facilitating nuclear localisation signal (NLS)-based
nuclear import, including IPO4, IPO5, IPO7, TNPO1, TNPO3, and
RANBP2. This intriguing observation suggests that this region of
GATAD1may function as a nuclear localization signal (NLS), potentially
playing a role in nuclear transport. This is surprising, considering
previous reports indicating that GATAD1 lacks an NLS and instead is
believed to be imported via a piggyback mechanism alongside its
binding partner HDAC1/233,80. If the 14-3-3 protein binding region of
GATAD1 was indeed an NLS, recruitment of 14-3-3 to phosphorylated
GATAD1 would be expected to block nuclear import. This is reminis-
cent of the function of 14-3-3 proteins in multiple prior studies that
have demonstrated that 14-3-3 proteins can bind to phosphorylation
sites in proximity to NLSs81–83. This hinders recruitment of importins
and thus blocks nuclear import.

To further investigate this possibility, we first used the Hidden
Markov Model-based tool NLStradamus to predict possible NLSs in
GATAD184. Using the default settings (2 state HMM static, prediction
cutoff 0.6), this algorithm indeed identified a region containing the 14-
3-3 binding peptide as a potential NLS (Fig. 6B). Next, to assess if this
region is a functional NLS, we created a plasmid encoding a GFP-fusion
protein and transiently transfected it into HEK−293 cells. As expected,
the GFP-only control showed diffuse fluorescence throughout cells. In
contrast, fusing GFP to the potential GATAD1 NLS resulted in pre-
dominantly nuclear localisation (Fig. 6C). In addition, we also studied
the effect of deleting the putative NLS (ΔNLS) on the subcellular
localisation of GATAD1. While wild-type FLAG-tagged GATAD1 loca-
lized exclusively to the nucleus, the GATAD1 ΔNLS variant exhibited a
dispersed distribution throughout the cell (Fig. 6D). We conclude that
this region is both required and sufficient for thenuclear localisationof
GATAD1. Hence, binding of 14-3-3 proteins to this region could indeed
regulate GATAD1 trafficking.

Discussion
Understanding the functional consequences of mutations and post-
translational modifications in health and disease remains a major
challenge, especially for intrinsically disordered regions. Here, we
employed peptide-based interaction proteomics to investigate how
known disease-associated SAVs of known serine, threonine or tyrosine
phosphorylation sites affect protein-protein interactions. We identify
many interactions affected by the mutation and/or the phosphoryla-
tion state (Fig. 3). We further show that a phosphorylation site in the
transcription factorGATAD1 that ismutated in a familyof patientswith
dilated cardiomyopathy binds 14-3-3 proteins (Fig. 4A). Finally, we
show that the 14-3-3 binding region of GATAD1 is a functional nuclear
localisation signal, suggesting that binding of 14-3-3 proteins to
phosphorylated GATAD1 could affect its subcellular localisa-
tion (Fig. 6).

Although proteomics can now routinely identify thousands of
phosphorylation sites, their functional characterisation is lagging

behind9. Recently, a number of computational15,85 and experimental
approaches62,64,86,87 have been developed to assess the functional
relevance of phosphopeptides on a more global scale. Here, we took
advantage of the established PRISMA method28–30 to study the
function of phosphorylation sites coinciding with disease-associated
mutations. In principle, phosphorylation canboth induce and disrupt
interactions. Of the 170 specific and differential peptide-protein
interactions we observed, 132 were affected by the peptide phos-
phorylation state (see Fig. 2). Interestingly, we observed 102
phosphorylation-induced interactions while only 30 were disrupted.
Hence, phosphorylation mostly tends to induce interactions.
Importantly, almost all of the phosphorylation-induced interactions
(101 out of 102) were disrupted by themutations, indicating that their
loss could indeed cause disease. While we observed more
phosphorylation-dependent interactions in our screen, it is impor-
tant to point out that mutations could also affect interactions inde-
pendently of the phosphorylation state. We observed 58 interactions
that are differential between the wild-type and the mutant (30 lost
and 28 gained upon mutation). In this context, it is important to
highlight that our screen can identify interactions that are gained
upon mutation – an aspect often overlooked when investigating
disease mutations (Supplementary Fig. 2B). We previously reported
that pathogenic mutations can cause disease by creating dileucine
motifs that lead to clathrin-binding30. It would be interesting to fol-
low up on the potential interactions of the mutated forms
identified here.

These numbers indicate that the modification state of a site has a
broad impact on the interactome and the mutation state can highly
disrupt these interactomes. This indicates that many of these muta-
tions are pathogenic because they impair phosphorylation-dependent
interactions. However, we do not know if this observation from our
limited list of phosphorylation sites can be generalized. It is important
to point out that not all observed differential interactions (phosphor-
ylation- or mutation-affected) are necessarily disease-relevant. While
we focused on one interaction here, our data potentially contains
additional candidates that would be interesting to follow up on.

The 14-3-3 binding site of GATAD1 does not match a known 14-3-3
binding motif as defined in the ELM database39. We therefore exten-
sively validated the interaction using isothermal titration calorimetry
(ITC), alanine scanning and x-ray crystallography (Fig. 5). The results
obtained confirm the interaction and demonstrate that despite the
lack of an exactmatch, the interaction is overall consistent with known
14-3-3 binding patterns. This highlights the previous observation that
14-3-3 family proteins canbind to awide range of target sequences that
sometimes deviate from the canonical motifs47,48. More generally, our
observation highlights the challenges associatedwith predicting SLiM-
dependent interactions and the importance of experimental
approaches20,21,23.

A key advantage of the PRISMAmethod used here is its ability to
directly compare interaction partners of phosphorylated and non-
phosphorylated wild-type and mutated peptides to each other. The
ability to directly utilize phosphorylated peptides is a key advantage
over phosphomimetic approaches since it avoids limitations asso-
ciated with charged amino acids as surrogates for phosphorylation. In

Fig. 4 | Interaction of 14-3-3 family proteins with GATAD1 phosphorylated on
serine 102. A The phosphorylated GATAD1 peptide specifically interacts with the
multiple 14-3-3 protein family members, despite lacking an annotated 14-3-3
binding motif. Both the Volcano plot (left) and the SILAC scatter plot (right) show
14-3-3 proteins as specific and differential binders of the phosphorylated GATAD1
peptide (blue: LFQ specific binders to the phosphorylated peptide). Volcano plots
were generated after performing the Wilcoxon test to compare proteins identified
in phosphorylated GATAD1 peptide formwith all the proteins identified in all other
WT and Mutant peptide forms (Significance cut-off: log2 fold change >2 and p-
value < 0.005). B FLAG-IP results for full-length GATAD1. Experimental design

(Top). Volcano plots display adjusted p-values as a function of log2 fold changes
between GATAD1 variants and the non-induced control (no tetracycline addition)
following a two-sided Student t-test with Benjamin-Hochberg FDR correction (Cut-
off: log2 fold change>2, p-values < 0.1). The data displays that all variants pull down
similar proteins including the known GATAD1 interactors (protein labels in red),
indicating that the mutation does not impair any of the known interactions. While
14-3-3 family proteins (YWHAB, YWHAE, YWHAH, YWHAQ, and YWHAZ) are
detected, they do not show any specific interaction with any of the GATAD1
proteins.
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fact, we show that 14-3-3binding tophosphorylatedGATAD1 cannot be
mimicked by amino acid substitution, providing another example for
the problems associated with phosphomimetics65–70.

The inability of phosphomimetic mutations to resemble the
phosphorylated state and the lack of GATAD1 phosphorylation inHEK-
293 cells leads to a key limitation of this study: Due to the lack of a
suitable model system, we cannot fully investigate the cellular

consequences of the GATAD1 14-3-3 interaction. Moreover, we do not
knowwhich kinase(s) phosphorylate GATAD1 under which conditions.
It is intriguing that phosphorylation of S102 has so far only been
observed in the heart in vivo53. Together with the finding that the
GATAD1_S102P mutation causes dilated cardiomyopathy51, this is
strongly indicative of a heart-specific function of this phosphorylation
site. Additionally, our alanine scanning experiment showed that
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non-phosphorylated forms of the GATAD1 peptide interact with
importin carrier proteins, suggesting themutated regionplays a role in
nucleocytoplasmic transport of GATAD1. Indeed,we validated that this
GATAD1 region harbors a functional NLS (Fig. 6). These observations
could help explain the perturbed subcellular distribution pattern of
GATAD1 in cardiomyocytes of patients affected by this mutation51.
Importantly, however, the AP-MS (Fig. 4B) and alanine scanning data
(Fig. 6) indicate that the mutation itself does not affect nuclear trans-
location. Building upon existing data for the role of 14-3-3 proteins in
nucleocytoplasmic transport81–83,88, we propose that the binding of 14-
3-3 to GATAD1 masks the NLS and impairs the protein’s nuclear loca-
lization. Nevertheless, due to the lack of a cellular model system, we
are not able to experimentally validate this hypothesis.

Overall, our study highlights the potential of the PRISMA screen
for elucidating the functional consequences of mutations and PTMs,
advancing our knowledge of protein regulation and interaction net-
works. In the future, it will be interesting to also investigate mutations
adjacent to phosphorylation sites, not just changes of the phos-
phorylated residue itself. Such mutations can also modify SLiMs and
thereby change PPIs. For example, the lung cancer associated P1019L
mutation in EGFR has already been shown to switch the binding spe-
cificity of the adjacent phosphorylation site pY101632. Also, a recent
study showed that phosphorylation often modulates affinities of
interactions when occurring in motif flanking regions72. Combining
PRISMA with ultrahigh throughput proteomics enables the analysis of
a much larger number of sites89–91. Furthermore, exploring a broader
spectrum of sites and incorporating various types of modifications
could reveal previously unknown domain-motif relationships.

Methods
Cell culture
HEK-293 (DSMZ Cat#ACC635), HEK-293T (DSMZ Cat#ACC305), and
Flp-InTM-293 T-REx (Thermo Fisher Scientific, R78007) cells were cul-
tured in DMEMmedium supplemented with 10% fetal calf serum (FCS)
from Pan-Biotech. The cells were incubated at 37 °C with 5% CO2.

For SILAC labeling, SILAC DMEM from Life Technologies was
used. The SILACDMEMwas supplementedwith 10%dialyzed FCS from
Pan-Biotech, glutamine (Glutamax, Life Technologies), and non-
essential amino acids. Different SILAC formulations were employed:
Arg0 and Lys0 for light labeling, Arg6 and Lys4 or only Lys4 for
medium-heavy labeling, or Arg10 and Lys8 (Sigma-Aldrich) for heavy
labeling. To ensure complete incorporation of SILAC amino acids, cells
were passaged and grown for at least 2 weeks or approximately 8
doublings.

Selection of peptide candidates for PRISMA
Pathogenic mutations affecting phosphorylation sites were selected
from the PTMVar dataset in PhosphositePlus (Hornbeck et al.36). The
PTMVar dataset provides comprehensive information on Post-
Translational Modifications (phosphorylation, ubiquitylation, acetyla-
tion,methylation, and succinylation) that overlapwith genetic variants
associated with diseases and genetic polymorphisms.

In the database, mutations are categorized as polymorphism,
unclassified, or disease. Mutations labeled as ‘disease’ are those asso-
ciated with Mendelian diseases, while somatic cancer mutations are

designated as ‘disease’ only if observed in three to five distinct cancer
patients36.

For our analysis, we specifically focused on entries in which
mutations were causative for disease (VAR_TYPE =Disease) resulted in
changes to phosphorylation sites (MOD_TYPE = Phosphorylation), and
directly altered the phosphorylated amino acid (VAR_POSITION =0).
We further filtered the entries to include only peptides originating
from disordered regions and with no additional reported PTMs on the
peptide (peptides with more than one lowercase letter in the MOD-
SITE_SEQ column were excluded). Disorder was predicted using
IUPred92, using ‘SHORT’ profile and considering a neighborhood of 25
amino acids. Regions with an IUPred score higher than 0.5 are con-
sidered disordered. In cases where the residue of interestmutated into
multiple amino acids, we retained only one mutant form. Specifically,
we excluded amino acid substitutions that could still be phosphory-
lated (Ser, Thr, Tyr). Following these criteria, we selected a total of 38
variant peptides for further analysis (see Supplementary Data 1). As a
positive control, we included an EGFR peptide known to contain an
SH2 domain binding motif 31.

PRISMA experimental setup
A total of 117 peptides, consisting of 15 amino acids each, were syn-
thesized in situ on a cellulose membrane using SPOT synthesis
techniques25 provided by JPT Peptide Technologies in Berlin, Germany.
Among these peptides, 39 were wild-type non-phosphorylated, 39
were mutated, and 39 were phosphorylated. Whenever possible, the
mutation site was positioned at position 7, which is in the center of the
immobilized peptides, with their C-termini serving as the point of
immobilization.

For the experimental procedure, three membranes were initially
incubatedwith the lysis buffer (HEPES (50mM,pH7.9), NaCl (150mM),
EGTA (1mM), MgCl2 (1mM), glycerol (20%), NP-40 (1%), SDS (0.1%),
and sodium deoxycholate (0.5%)). The membranes were incubated
with the lysis buffer until completely moistened. To minimize non-
specific binding, themembranes were then treated with yeast t-RNA at
a concentration of 1mg/ml for 10minutes at 4 °C, following two 5min
washes with the lysis buffer.

HEK-293 cells were lysed with the lysis buffer and the protein
concentration was measured using DC protein assay (Bio-Rad). Sub-
sequently, the membranes were incubated with HEK-293 cell lysate
(5ml at a concentration of 8mg/ml) labeled as heavy,medium, or light
SILAC, and this incubation step was carried out for 2 hours at 4 °C.
Afterward, themembraneswerewashed twice for 5minwith awashing
buffer containing HEPES (50mM, pH 7.9), NaCl (150mM), EGTA
(1mM), and MgCl2 (1mM). Finally, the membranes were air dried to
complete the procedure.

PRISMA sample preparation and LC/MS analysis
Following the drying of the membranes, the peptide spots were care-
fully excised using a 2mmdiameter ear punch (Carl Roth). To facilitate
further analysis, SILAC triplets were combined in a single 96-well plate,
with each well containing 30 µl of denaturation buffer composed of
6M urea (Sigma-Aldrich), 2M thiourea (Sigma-Aldrich), and 10mM
HEPES at pH 8. The samples underwent reduction by adding 10mM
DTT (Sigma-Aldrich) and incubating for 30minutes at room

Fig. 5 | Structural analysis of the GATAD1 14-3-3 interaction. A Isothermal
titration calorimetry (ITC) validates the interaction of the GATAD1phosphopeptide
to 14-3-3 epsilon (YWHAE) with a Kd of 3.4μM. In contrast, the wild-type non-
phosphorylated, S102P, and phosphomimetic (S102D and S102E) mutant peptides
do not interact with 14-3-3 epsilon. B The GATAD1 peptide displays similarities to
14-3-3 binding motifs but does not fully match. C Heatmap of 14-3-3 proteins
quantified in a PRISMA screen with GATAD1-derived peptides modified by alanine
scanning. Results highlight the importance of proline at the +2 and glycine at the +1
position.DCrystal structureof the 14-3-3 epsilon in complexwith a phosphorylated

GATAD1 peptide as determined by X-ray crystallography. Left: The side and top
view of the 14-3-3 homodimer are shown as a cartoon structure with the two
monomers colored green and wheat. The bound peptides are shown in stick
representation in blue color. The two-fold rotation axis between the monomers is
indicated by an ellipsoid in the center of the homodimer. A detailed view of the
peptide binding groove with hydrogen bonds as gray dashed lines and electron
densities around each peptide as a gray mesh is shown. In the bottom images, the
GATAD1 phosphoserine 102 was modeled as serine, proline, aspartic acid, and
glutamic acid, respectively, and highlighted in light blue.
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temperature (RT). Subsequently, an alkylation step was performed by
adding 10 µl of 50mM iodoacetamide (IAA) (Sigma-Aldrich) to each
well and incubating for an additional 30min at RT in the dark.

To initiate digestion, 0.5 µg of LysC enzyme was added to each
well, and the samples were incubated for 1.5 h at RT. Subsequently, the
digestion was continued with 0.5 µg of trypsin (Promega) overnight at
RT. The digestion process was halted the next day by acidifying the

samples with 10 µl of 10% trifluoroacetic acid (TFA). Finally, the sam-
ples were desalted using the standard StageTip method93.

The elution of samples from StageTips was carried out using
buffer B, consisting of 0.5% acetic acid and 80% acetonitrile. Subse-
quently, the eluted samples were dried using a speedvac (Eppendorf)
and resuspended inbuffer A, which contained0.5%acetic acid, prior to
analysis. For nano-scale reversed-phase liquid chromatography
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coupled with tandem mass spectrometry (nanoLC/MS/MS), an Orbi-
trap Fusionmass spectrometer (Thermo Fisher Scientific) was utilized.
The mass spectrometer was connected to a Thermo Ultimate 3000
RSLCnano pump equipped with a self-pulled analytical column mea-
suring 150mm in length and 100 μm in internal diameter. The analy-
tical column was packed with ReproSil-Pur C18-AQ material (3μm; Dr.
Maisch GmbH). The mobile phases consisted of buffer A (0.5% acetic
acid) and buffer B (0.5% acetic acid and 80% acetonitrile)94.

During the analysis, peptides were eluted from the analytical
column at a flow rate of 500nl/min, employing a gradient as follows: 5
to 10% B over 5min, 10 to 40% B over 60min, 40 to 99% B over 5min,
and maintaining 99% B for 5min. The samples were measured in the
orbitrap fusion mass spectrometer using the following methods: a full
scan was performed with a resolution of 120,000 over anm/z range of
300–1500. Themaximum injection timewas set to 50ms, and the AGC
target was set at 400,000. Following the full scan, 20 MS/MS scans
were conducted using isolation mode with a quadrupole, an isolation
window of 1.6, HCD activation type, 30% collision energy, IonTrap
detector type, and a maximum injection time of 35ms.

PRISMA data analysis
The analysis of the raw files was performed using MaxQuant version
1.6.2.6a95, with default settings except for enabling thematch between
run and requantify options. Variable modifications were set to oxida-
tion of methionines and acetylation of N-terminal residues, while fixed
modifications were set to Carbamidomethylation. In silico digestion of
proteins in the reference database, uniprot_human_20181012_
canonical_isoform.fasta, and peptide identification were carried out
using trypsin/P, allowing a maximum of 2 missed cleavages. The data
were analyzed in both SILAC mode, with Lys4 as the medium-heavy
label and Lys8, Arg10 as the heavy labels, as well as in label-free
quantification (LFQ) mode. A false discovery rate of 1% was set at both
the peptide-spectrum matches (PSM) and protein levels, and the
assessment was performed by searching a decoy database generated
by reversing the reference database.

The resulting MaxQuant files were further analyzed using R (R
version 4.2.1 and Rstudio version 2022.07.1), including all statistical
analysis and generation of figures. Figures weremodified using Adobe
Illustrator CS6. Initially, the ProteinGroups table was filtered to
exclude proteins identified only by site, proteins from the reverse
database, and potential contaminants. Peptide candidates identified
based on their tryptic sites were also filtered out. LFQ values of the
remaining proteins were log2 transformed and filtered to retain only
those with at least one valid value within the three replicates. Missing
values were imputed by randomly drawing values from a log dis-
tribution calculated as 0.25 times the standard deviation of the mea-
sured log-transformedvalues, down-shifted by 1.8 standarddeviations.
These LFQ values were used to determine peptide-specific interactors.
The nonparametric Wilcoxon test was employed to compare the
median LFQ values of the proteins identified in triplicates (n = 3 bio-
logical replicates) of a peptide with the median LFQ values of the
background proteins. The background comprised proteins identified

in all other pull-downs, excluding the corresponding variant peptide.
Due to the charge effect, plenty of phosphorylated peptide variants
interacted with the same proteins. We saw it fit to keep these proteins
in the analysis. Therefore, all phospho-pull-downs were excluded from
the background. The resulting p-values and fold changes were plotted
as volcano plots. The significance cut-off was established using the
control EGFR_pTyr1092 peptide, previously characterized as SH2
domain binding. A cut-off was set to capture all SH2 domain proteins
identified with the phosphorylated peptide variant, requiring a log2
fold change greater than 2 and a p-value smaller than 0.005.

The SILAC ratios were then utilized to determine the differential
interactors. The SILAC ratios were logarithmized, normalized by sub-
tracting the median SILAC ratio of each experiment from all individual
SILAC ratios in that experiment, and subjected to label swap. This
resulted in triplicates of triple SILAC experiments (wt/mut, wt/phos,
and phos/mut ratios). The SILAC data were filtered to retain only those
with at least two valid values out of the three replicates, and the
medians of these ratios were plotted on a scatter plot with wt/mut on
the x-axis and wt/phos on the y-axis. Differential proteins were iden-
tified as those with wt/mut, phos/mut, and/or wt/phos ratio log2 fold
change greater than one or smaller than minus one. The specific and
differential proteins obtained are summarized in Supplementary
Data 2 and were used to create the peptide-protein network using
Cytoscape v.3.9.196.

SLiM-domain global analysis of PRISMA results
For global SLiM-Domain analysis, ELM classes and ELM-PFAM inter-
actions were downloaded from the ELM database. Protein PFAM
domains were downloaded from UniProtKB. Afterward, the PFAM
domains were matched to the proteins identified as interactors and
motifs were matched to the peptides used as baits.

For each protein, the mean LFQ intensity was calculated (within
three replicates), and the missing values were converted to the mini-
mum LFQ value observed in the screen. The LFQ intensities were z-
scored per protein and the data was separated into two groups for
each peptide form: SLiM-Domain pairs and others. The distribution of
the normalized LFQ intensities between these groups was plotted in
Supplementary Fig. 1C.

Generation of HEK-293 cell lines expressing GATAD1 variants
The GATAD1 gene variants were ordered in a pTwist ENTR Kozak
vector from Twist Bioscience. The genes were then transferred to a
pDEST_pcDNA5_BirA_FLAG_Nterm vector97 using the Gateway Clonase
II system (Thermo Fisher Scientific). The resulting vectors, pEXPR_-
GATAD1-WT_N-term_BirA_FLAG, pEXPR_GATAD1-S102P_N-term_BirA_-
FLAG, pEXPR_GATAD1-S102D_N-term_BirA_FLAG, and pEXPR_GATAD1-
S102A_N-term_BirA_FLAG, were used to generate tetracycline-
inducible stable Flp-InTM-293 T-REx cells. A 6-well plate was co-
transfected with 0.5 µg of the pEXPR plasmid and 1 µg of the pOG44
Flp-recombinase expression vector (Thermo Fisher Scientific) using
4.5 µg of PEI (Polysciences) as a transfection reagent. The following
day, the cells were trypsinized and transferred to a 10 cm dish

Fig. 6 | The 14-3-3 binding region of GATAD1 harbors a nuclear localisation
signal (NLS). A Heatmap of significant proteins identified in the alanine scanning
experiment after a multiple-sample one-way ANOVA test with a permutation-based
FDR of 0.05. The largest protein cluster comprises 72 proteins that exhibit specific
binding to the non-phosphorylated peptide forms. Enrichment analysis of KEGG
pathway and Reactome Gene Sets of these proteins identified nucleocytoplasmic
transport as the most significantly enriched term. Each peptide pull-down was
performed in triplicates and all three replicates are represented in the heatmap.
The cluster of 14-3-3 family proteins is also highlighted (see Fig. 5C for more
details). B The NLS of GATAD1 as predicted by NLStradamus. The GATAD1 peptide
studied in this paper is highlighted in red. C Immunofluorescence studies of GFP
and GFP-fused to the putative GATAD1 NLS show predominant nuclear localisation

of the fusion protein while the GFP only signal is widespread. n = 5 and
n = 4 separate images with several cells each were used to quantify GFP-control and
GFP-GATAD1 peptide signals respectively using ImageJ. D Immunofluorescence
studies comparing FLAG-GATAD1 wild-type with FLAG-GATAD1 ΔNLS (lacking the
putative NLS) reveal distinct localization patterns: while the wild-type GATAD1 is
predominantly nuclear, the ΔNLS variant exhibits a widespread distribution, with
approximately half of the protein found in the cytoplasm. ImageJ was used for
signal quantificationwithn = 12 individual images (several cells each) per condition.
In both (C and D), the p-values were calculated by performing a two-sided Welch’s
t-test. Scale bar = 50 µm. Signal intensities used to perform the calculations are
provided as source data.
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containing DMEM supplemented with 10% FCS and 200 µg/ml hygro-
mycin B (Invivogen) for selection. The cells were cultured for
approximately 18 days with media exchange every 3 days until visible
colonies were observed. After around 18 days, the colonies were
trypsinized and transferred to another 10 cm dish for further char-
acterization and experiments.

Interactome analysis of GATAD1 variants using BioID
Stable Flp-InTM-293 cell lines expressing GATAD1 variants were cul-
tured using SILAC light (Lys0, Arg0) and SILAC heavy (Lys8, Arg10)
media, as explained in the cell culture section. After full labeling, cells
were split into 15 cmdishes and were treated with 1μg/mL tetracycline
for 24h to induce the expression of GATAD1. After the induction
period, cells were incubatedwith 50μMbiotin overnight for proximity
biotinylation. As a control, wild-type GATAD1 cells, without biotin or
tetracycline addition, were used. Samples were multiplexed, as shown
in Supplementary Fig. 41A with both forward and reverse label swap
(n = 2). Cells were then lysed in lysis buffer (50mM Tris-HCl pH 7.5,
150mMNaCl, 1% Triton X-100, 1mMEDTA, 1mMEGTA, 0.1% SDS) with
freshly added protease inhibitors and 1% sodium deoxycholate. To
digest the excess DNA, 1μl of Benzonase was added, and the samples
were incubated for 20min at 37 °C. Biotinylated proteins were enri-
ched for 3 h at 4 °C using streptavidin-sepharose beads (GE Cat# 17-
5113-01). Beads were pre-washed twice with 0.01% BSA and twice with
lysis buffer. After enrichment, the beads were washed one time with
lysis buffer, two timeswithwashing buffer (50mMHEPES-KOHpH8.0,
100mMKCl, 10% glycerol, 2mMEDTA, 0.1%NP-40), and six timeswith
50mM ammonium bicarbonate. Beads were resuspended in ammo-
nium bicarbonate, and an on-bead protein digest with 1μg of trypsin
followed overnight. The next day, the digested proteins were trans-
ferred to a fresh tube and were incubated with 10mMDTT for 30min
at 37 °C andwith 55mM iodoacetamide for 20min at 37 °C in the dark.
Samples were desalted with StageTips.

Peptides were separated using reversed-phase liquid chromato-
graphy (EASYnLC II 1200, ThermoFisher Scientific)with self-madeC18
microcolumns (20 cm long) packed with ReproSil-Pur C18-AQ 1.9 μm
resin (Dr.Maisch, cat# r119.aq.0001). The chromatography systemwas
coupled online to the electrospray ion source (Proxeon) of anOrbitrap
Exploris 480 mass spectrometer (Thermo Fisher Scientific). The
mobile phase consisted of buffer A (0.1% formic acid and 5% acetoni-
trile) and buffer B (0.1% formic acid and 80% acetonitrile). Peptides
were eluted using a gradientwith increasing concentrations of buffer B
over 110minutes, at a flow rate of 250nl/min. Mass spectrometry data
was acquired in data-dependent mode with settings for one full scan
(resolution: 60,000; m/z range: 350–1600; normalized AGC target:
300%; maximum injection time: 10ms), followed by top 20 MS/MS
scans using higher-energy collisional dissociation (resolution: 15,000;
m/z range: 200–2000; normalized AGC target: 100%; maximum
injection time: 120ms; isolation width: 1.3m/z; normalized collision
energy: 28%).

Raw files were analyzed with MaxQuant, version 2.0.3.0. The
Protein Groups data table was further processed and analyzed using R
(R version 4.2.1 and Rstudio version 2022.07.1). The table was first
filtered for contaminants, identified only by site and identified by the
reverse database. The SILAC ratios were log2 transformed and
the labels were swapped. The data was visualized in scatter plots with
the forward SILAC ratios on the x-axis and reverse SILAC ratios on the
y-axis. Differential proteins were identified as those with a ratio log2
fold change greater than one or smaller than minus one (Supplemen-
tary Data 6).

Interactome analysis of GATAD1 variants using AP-MS
Stable Flp-InTM-293 cell lines expressing GATAD1 variants were cul-
tured in DMEM supplemented with 10% FCS. 24 h before the experi-
ment the cells were induced with 1μg/mL tetracycline. One 15 cm dish

of cells was used per replicate and three replicates were used per
condition (n = 3 biological replicates). As a control, a mixture of non-
induced cells originating from all the variants was used. The cells were
lysed using 600μl of lysis buffer (50mMTris HCl, pH 7.4, with 150mM
NaCl, 1mM EDTA, and 1% TRITON X-100)

For FLAG immunoprecipitation (IP) ANTI-FLAG M2 Magnetic
Beads (M8823, SIGMA-ALDRICH) were used following the manu-
facturer’s protocol. In short, 40 μl of the 50% bead suspension was
used per reaction (replicate). The beads were first washed twice with
TBS (50mM Tris HCl, 150mM NaCl, pH 7.4) buffer, then the cell
lysate was added on top of the beads. The immunoprecipitation
reaction took place for 2 hours rotating gently. After 2 h the reaction
tubes were placed on a magnetic rack for separation. The super-
natant was discarded while the beads were washed three times with
TBS. Beads were resuspended in ammonium bicarbonate, and an on-
bead protein digest with 1 μg of trypsin followed overnight. The next
day, the digested peptides were transferred to a fresh tube and were
incubated with 10mM DTT for 30minutes at 37 °C and with 55mM
iodoacetamide for 20minutes at 37 °C in the dark. Samples were
desalted with StageTips and were eluted from there with a buffer
containing 50% acetonitrile and 0.1% formic acid, they were dried,
and resuspended in a solution containing 3% acetonitrile and 0.1%
formic acid (Buffer A).

Peptides were separated using reversed-phase liquid chromato-
graphy (EASYnLC II 1200, ThermoFisher Scientific)with self-madeC18
microcolumns (20 cm long) packed with ReproSil-Pur C18-AQ 1.9 μm
resin (Dr.Maisch, cat# r119.aq.0001). The chromatography systemwas
coupled online to the electrospray ion source (Proxeon) of anOrbitrap
Exploris 480 mass spectrometer (Thermo Fisher Scientific). The
mobile phase consisted of buffer A (0.1% formic acid and 5% acetoni-
trile) and buffer B (0.1% formic acid and 80% acetonitrile). Peptides
were eluted using a gradientwith increasing concentrations of buffer B
over 45min, at a flow rate of 250 nl/min. Mass spectrometry data was
acquired in data-dependent mode with settings for one full scan
(resolution: 60,000; m/z range: 350–1600; normalized AGC target:
300%; maximum injection time: 10ms), followed by top 20 MS/MS
scans using higher-energy collisional dissociation (resolution: 15000;
m/z range: 200–2000; normalized AGC target: 100%; maximum
injection time: 22ms; isolation width: 1.3m/z; normalized collision
energy: 28%).

The raw files were further analyzed using MaxQuant version
1.6.7.0 in a label free mode. The resulting ProteinGroups table was
further processed with R (R version 4.2.1 and Rstudio version
2022.07.1). The tablewasfiltered forpotential contaminants, identified
only by site and identified by the reverse database. The data was then
log2 transformedandfiltered for at least twovalid values in at least one
of the triplicates. Leftover missing values were imputed in the same
way as in the PRISMA screen analysis. A Student t-test with Benjamin
Hochberg FDR correction was then employed to compare different
conditions with the control. A significance cut-off of a log2 fold change
>2 and a p-value < 0.1was selected (Supplementary Data 4). The results
were visualized as volcano plots.

Recombinant protein expression and purification of YWHAE
The 14-3-3ε (YWHAE) cDNA was purchased from Twist Bioscience in
the pTwist Chlor High Copy vector and cloned into the pGEX6P1
plasmid (GE Healthcare) for recombinant expression as a GST-fusion
protein followed by a Prescission protease cleavage site. The plasmid
was freshly transformed into Escherichia coli C41 (DE3) cells. Cultures
were grown in terrific broth supplemented with ampicillin (100μg/ml)
at 37 °C and 80 rpm until an optical density at 600nm of 0.7 was
reached. Protein expressionwas subsequently induced by the addition
of 300μM isopropyl β-d-1-thiogalactopyranoside (IPTG), and the cul-
tures were grown for another 18 hours at 20 °C. Cells were harvested
by centrifugation at 4000 g and frozen at −20 °C.
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Following resuspension in lysis buffer (50mM HEPES/NaOH pH
7.5, 500mM NaCl and 3mM Dithiothreitol (DTT)) supplemented with
1mg deoxyribonuclease I (DNaseI, Roche) and protease inhibitor 4-(2-
Aminoethyl) benzenesulfonyl fluoride hydrochloride S7(AEBSF), cells
were disrupted using a microfluidizer (Microfluidics). The cell extract
was centrifuged at 55,000g for 45min at 4 °C to remove insoluble
parts. The cleared supernatant was applied onto a prepacked Glu-
tathione Sepharose 4B column (Cytiva) equilibrated in the lysis buffer.
The columnwas extensively washed with lysis buffer. To cleave off the
GST tag, 1mg PreScission protease was diluted in 5ml OCC buffer
(50mMHEPES/NaOHpH 7.5, 150mMNaCl, and 3mMDTT), applied to
the columnmaterial, and incubated overnight at 4 °C. Cleaved 14-3-3ε
protein was eluted from the column using OCC buffer, concentrated
and loaded onto an 16/60 S200 column (Cytiva) equilibrated in SEC
buffer (20mMHEPES/NaOHpH7.5, 150mMNaCl and2mMDTT). Pure
andhomogenous 14-3-3εwasconcentrated to 13mg/ml,flash-frozen in
liquid nitrogen, and stored at −80 °C until further use.

Isothermal titration calorimetry (ITC)
GATAD1 peptides used in these experiments were obtained from JPT
peptide technologies with an N-terminus in amine and a C-terminus in
amide form with 95% purity. ITC experiments were performed using a
PEAQ-ITCmicrocalorimeter (Malvern). All titrationswere performed at
18 °C with 400 µM peptide in the syringe and 25 µM 14-3-3ε in the
reaction chamber. The protein and the titration components were
dissolved in a buffer containing 20mM HEPES pH 7.0, 150mM NaCl,
and 2mM DTT. Malvern software was used for data visualization and
fitting. The raw ITC results can be found in Supplementary Fig. 42.

Crystallization and structure determination
The protein 14-3-3ε at a concentration of 13mg/ml in 20mMHEPES pH
7.5. 150mMNaCl, 2mMDTTwere combined with the GATAD1 peptide
95-LRNTKYKpSAPAAEKK-109 in 1:2molar ratio for complex formation.
Crystallization setups were performed with the sitting-drop vapor
diffusion method by using a Gryphon pipetting robot (Matrix Tech-
nologies Co.) for pipetting 200 nl of protein to an equal volume of
precipitant solution. The Rock Imager 1000 storage system (For-
mulatrix) was used for storing and imaging of the experiments. Crys-
tals appeared within 3–10 days in 19% PEG 3350, 0.35M NaBr, 0.1M
BisTris-PropanepH6.5 at 20 °Candwereflash-frozen in liquidnitrogen
in the presence of 20% ethylene glycol. Diffraction data were collected
on BL14.1 at the BESSY II electron storage ring operated by the
Helmholtz-Zentrum Berlin98, processed and scaled using XDSapp99.
The 3.2 Å structure was solved by molecular replacement with
Phaser100 using the 14-3-3 protein epsilon structure (PDB: 2BR9
[https://doi.org/10.2210/pdb6ynv/pdb]) as a search model. The struc-
ture was built using COOT101 and iteratively refined with Refmac102.
Data statistics are summarized in Supplementary Table 1. Crystals of
14-3-3 epsilon with the GATAD1 phosphopeptide belong to space
group R32 containing 2 complex molecules per asymmetric unit con-
nected by a two-fold rotational symmetry. Residues 2-235 of 14-3-3 are
explained in the electron density, whereas residues 1 and 236-255 are
disordered and therefore not visible in the electron density. The
GATAD1 peptide is covered by residues 98–109 in chain C and residues
98–107 in chain P. 97.0% of the residues in the complex structure were
in the favored regions and no outlier was observed in the Ramachan-
dran map. The Ramachandran statistics were analysed using
Molprobity103. Figures were generated with PyMol (http://www.pymol.
org). The atomic coordinates of 14-3-3ε with the GATAD1 95-
LRNTKYKpSAPAAEKK-109 peptide structure have been submitted to
the Protein Data Bank with the entry code 8Q1S.

Alanine scanning
To investigate the contribution of individual amino acids in the
GATAD1 peptide for binding to 14-3-3 proteins, an alanine scanning

experiment was designed. In this experiment, each amino acid from
the −5 to +5 positions surrounding the phosphorylated residue was
mutated to alanine, except for original alanine residues which were
mutated to glycine. The experiment also included the wild-type
phosphorylated, wild-type non-phosphorylated, disease-associated
mutant, and aspartic acid mutant peptides. These 15 peptides were
synthesized on a cellulose membrane in triplicates (n = 3 biological
replicates) to facilitate the pull-down of proteins from HEK-293T cell
lysate. The synthesis of peptides, pull-downs, and sample preparation
for mass spectrometry followed the procedures described earlier for
the PRISMAscreen. Subsequently, sampleswereeluted fromStageTips
using a solution containing 50% acetonitrile and 0.1% formic acid,
dried, and resuspended in a solution containing 3% acetonitrile and
0.1% formic acid. LC-MSmeasurements were performed similarly as in
the AP-MS experiment except for the gradient, which this time was
45min, and the maximum injection time for MS2 scans was 22ms.

The acquired mass spectra were subjected to further analysis
using MaxQuant (version 1.6.3.4). Subsequent analysis was performed
using Perseus (version 1.6.7.0). The ProteinGroups data table was fil-
tered to exclude potential contaminants, proteins identified only by
site, and proteins identified by the reverse database. LFQ values of the
remaining proteins were log2 transformed, and only proteins with at
least two valid values in three replicates were considered for analysis.
An one-way ANOVA multiple-sample test with a permutation-based
FDR of 0.05 was conducted. The LFQ values of significant proteins
were z-scored by row and hierarchical clustering was performed
(Fig. 6A and Supplementary Data 5). To better visualize the 14-3-3
proteins, their LFQ values were extracted from the whole table and
were z scored and clustered individually (Fig. 5C).

Subcellular localization of GATAD1 variants
Flp-InTM-293 cells stably expressing WT-GATAD1 were cultured and
maintained. Cells were seeded on glass coverslips at a density of
50,000 cells per 24-well plate. The following day, tetracycline was
added to a final concentration of 1μg/mL, and the cellswere incubated
for an additional 24 hours. After the incubation period, the cells were
fixedwith 4%PFA for 15min. Subsequently, the cellswerewashed three
times for 5min each with PBS. Permeabilization was achieved by
incubating the cells with 0.5% Triton X-100 in PBS for 10min, followed
by two washes with PBST (PBS with 0.1% Triton X-100). To reduce the
background signal, the cells were incubated with a blocking solution
(1.5% BSA in PBST) for 1 h. Next, the cells were incubated with the
primary antibody, mouse monoclonal IgG anti-GATAD1 (sc-81092,
1:100, Santa Cruz), in a blocking solution for 1 h. After washing the cells
three times for 5min with PBST, the cells were incubated with the
secondary antibody, goat anti-mouse IgG (H+ L) Alexa Fluor 488
(A11008, 1:500, Invitrogen), and phalloidin - Alexa 594 (A12381, 1:500,
Invitrogen) for 1 h. Following another round of washing with PBST, the
cells were incubated for 3min with 0.1μg/mL DAPI (Sigma Aldrich) in
PBS. Afinalwashwith PBSwasperformed, and the coverslipswere then
washed in MilliQ water and mounted on slides using ProLong Gold
AntifadeMountant (Life Technologies). All imageswere acquired using
a Leica DM5000Bmicroscopewith anHC PL APD63x/1.4-0.6 objective
and Leica Application Suite X software. The acquired images were
processed using Fiji ImageJ software104.

Transfection of HEK-293T with GFP fused GATAD1 peptide
The pTwist_CMV_GFP_SPACER_KQSKQEIHRRSARLRNTKYKSAPAAEKK
VSTKGKGRR constructs were ordered in the pTwist_CMV expression
vector from TwistBioscience (https://www.twistbioscience.com).

HEK-293T cells were seeded on glass coverslips at a density of
0.1 × 10 ^ 6 cells per 12-well plate. The following day, cells were trans-
fected with 1 µg of the pTwist_CMV plasmid using 3 µg of PEI (Poly-
sciences) as a transfection reagent or with 1 µg of the pDEST_GFP
plasmid (Control).
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Transfection of HEK-293T with ΔNLS FLAG-GATAD1
pTwist_CMV_FLAG_Spacer_GATAD1_wild-type and pTwist_CMV_-
FLAG_Spacer_GATAD1_ΔNLS (position 82–118 deleted) constructs were
ordered in the pTwist_CMV expression vector from TwistBioscience.
HEK-293T cells were seeded on glass coverslips at a density of
0.1 × 10 ^ 6 cells per 12-well plate, 24 h later were transfected with 1 µg
of the pTwist_CMV (full length or ΔNLS) plasmids using effectene
transfection reagent.

Immunofluorescence studies on HEK-293T cells
24 hours after transfection, the cells were fixed with 4% PFA for 15min.
Following fixation, cells were washed three times for 5min each with
PBS. Permeabilization was performed by incubating the cells with 0.5%
Triton X-100 in PBS for 10min, followed by twowashes with PBST (PBS
with 0.1% Triton X-100). For the GFP only and GFP-GATAD1 peptide
experiment, the cells were incubated with 0.1μg/mL DAPI (Sigma
Aldrich) in PBS for 3min. After another wash with PBS, the coverslips
were rinsed inMilliQ water andmounted on slides using ProLong Gold
Antifade Mountant (Life Technologies).

For FLAG-GATAD1 WT and FLAG-GATAD1 ΔNLS experiment after
permeabilization the cells were blocked with a blocking solution (1.5%
BSA in PBST) for 1 h. Next, the cells were incubated with the primary
antibody, mouse monoclonal IgG anti-GATAD1 (sc-81092, 1:100, Santa
Cruz), in a blocking solution for 1 h. After washing the cells three times
for 5min with PBST, the cells were incubated with the secondary
antibody, goat anti-mouse IgG (H + L) Alexa Fluor 488 (A11001, 1:500,
Invitrogen), and phalloidin - Alexa 594 (A12381, 1:500, Invitrogen) for
1 h. Following another round of washing with PBST, the cells were
incubated for 3minwith 0.1μg/mLDAPI (Sigma Aldrich) in PBS. A final
wash with PBS was performed, and the coverslips were then washed in
MilliQ water and mounted on slides using ProLong Gold Antifade
Mountant (Life Technologies).

All images were acquired using a Leica DM5000B microscope
with an HC PL APD 63x/1.4-0.6 objective and Leica Application Suite X
software. The acquired images were processed using Fiji ImageJ
software104.

In the manual quantification of GFP, GFP-GATAD1 peptide, FLAG-
WTGATAD1, and FLAG-ΔNLS GATAD1 nuclear and cytoplasmic signals
(Fig. 6C, D), we analyzed 4, 5, 12, and 12 individual immuno-
fluorescence images, respectively. The DAPI channel was utilized to
create a nuclei mask, which was used to separate the images into
nuclear and cytoplasmic segments. The intensities of these segments
were measured, and the mean intensities were utilized for further
calculations. Statistical analysis was performed using a two-sided
Welch’s t-test, and the correspondingp-values are indicated in theplot.

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

Data availability
Mass spectrometry raw files have been deposited to the Proteo-
meXchange Consortium via the PRIDE105 partner repository. The
accession codes for the uploaded data are as follows: PRISMA screen;
PXD043787, AP-MS interactome studies; PXD046950, BioID-proximity
labeling; PXD043789 and Alanine Scanning: PXD043788. The pro-
cessedmass spectrometry data is provided in the supplementary files.
The 14-3-3ε with the GATAD1 95-LRNTKYKpSAPAAEKK-109 peptide
structure has been submitted to the Protein Data Bank under the code
8Q1S. Raw data used for the quantification plots in Fig. 6C, D is pro-
vided as source data.

Code availability
The code used to analyze the PRISMA data is available on https://
github.com/Trruste/PRISMA-phosphoarray/blob/main/PRISMA_

script.Rmd106 and the code for a more detailed SLiM analysis is avail-
able on https://github.com/BIMSBbioinfo/collab_rrustemi_selbach_
prisma107.

References
1. Eisenberg, D., Marcotte, E. M., Xenarios, I. & Yeates, T. O. Pro-

tein function in the post-genomic era. Nature 405, 823–826
(2000).

2. Backwell, L. & Marsh, J. A. Diverse molecular mechanisms
underlying pathogenic protein mutations: beyond the loss-of-
function paradigm. Annu. Rev. Genom. Hum. Genet. 23,
475–498 (2022).

3. Lek,M. et al. Analysis of protein-codinggenetic variation in 60,706
humans. Nature 536, 285–291 (2016).

4. Wright, C. F. et al. Genetic diagnosis of developmental disorders
in the DDD study: a scalable analysis of genome-wide research
data. Lancet 385, 1305–1314 (2015).

5. Riley, N. M. & Coon, J. J. Phosphoproteomics in the age of rapid
and deep proteome profiling. Anal. Chem. 88, 74–94 (2016).

6. Bekker-Jensen, D. B. et al. Rapid and site-specific deep phospho-
proteome profiling by data-independent acquisition without the
need for spectral libraries. Nat. Commun. 11, 787 (2020).

7. Kitata, R. B. et al. A data-independent acquisition-based global
phosphoproteomics system enables deep profiling. Nat. Com-
mun. 12, 2539 (2021).

8. Skowronek, P. et al. Rapid and in-depth coverage of the (phospho-)
proteome with deep libraries and optimal window design for dia-
PASEF. Mol. Cell. Proteom. 21, 100279 (2022).

9. Needham, E. J., Parker, B. L., Burykin, T., James, D. E. & Humphrey,
S. J. Illuminating the dark phosphoproteome. Sci. Signal. 12,
eaau8645 (2019).

10. Uversky, V. N. Intrinsically disordered proteins and their ‘myster-
ious’ (meta)Physics. Front. Phys. 7, 416379 (2019).

11. Vacic, V. et al. Disease-associated mutations disrupt functionally
important regions of intrinsic protein disorder. PLoS Comput. Biol.
8, e1002709 (2012).

12. Mészáros, B., Hajdu-Soltész, B., Zeke, A. & Dosztányi, Z. Mutations
of intrinsically disordered protein regions can drive cancer but
lack therapeutic strategies. Biomolecules 11, 381 (2021).

13. Darling, A. L. & Uversky, V. N. Intrinsic disorder and posttransla-
tional modifications: the darker side of the biological dark matter.
Front. Genet. 9, 158 (2018).

14. Bah, A. & Forman-Kay, J. D. Modulation of intrinsically disordered
protein function by post-translational. Modif. J. Biol. Chem. 291,
6696–6705 (2016).

15. Bludau, I. et al. The structural context of posttranslational mod-
ifications at a proteome-wide scale. PLoS Biol. 20,
e3001636 (2022).

16. Wright, P. E. & Dyson, H. J. Intrinsically disordered proteins in
cellular signalling and regulation. Nat. Rev. Mol. Cell Biol. 16,
18–29 (2015).

17. Dunker, A. K., Cortese, M. S., Romero, P., Iakoucheva, L. M. &
Uversky, V. N. Flexible nets. The roles of intrinsic disorder in pro-
tein interaction networks. FEBS J. 272, 5129–5148 (2005).

18. Dyson, H. J. & Wright, P. E. Intrinsically unstructured proteins and
their functions. Nat. Rev. Mol. Cell Biol. 6, 197–208 (2005).

19. Bugge, K. et al. Interactions by disorder - a matter of context.
Front. Mol. Biosci. 7, 110 (2020).

20. Tompa, P., Davey, N. E., Gibson, T. J. & Babu, M. M. A million
peptide motifs for the molecular biologist. Mol. Cell 55,
161–169 (2014).

21. Davey, N. E., Simonetti, L. & Ivarsson, Y. The next wave of inter-
actomics:mapping the SLiM-based interactions of the intrinsically
disordered proteome. Curr. Opin. Struct. Biol. 80, 102593
(2023).

Article https://doi.org/10.1038/s41467-024-46794-8

Nature Communications |         (2024) 15:3146 16

http://www.ebi.ac.uk/pride/archive/projects/PXD043787
http://www.ebi.ac.uk/pride/archive/projects/PXD046950
http://www.ebi.ac.uk/pride/archive/projects/PXD043789
http://www.ebi.ac.uk/pride/archive/projects/PXD043788
http://doi.org/10.2210/pdb8Q1S/pdb
https://github.com/Trruste/PRISMA-phosphoarray/blob/main/PRISMA_script.Rmd
https://github.com/Trruste/PRISMA-phosphoarray/blob/main/PRISMA_script.Rmd
https://github.com/Trruste/PRISMA-phosphoarray/blob/main/PRISMA_script.Rmd
https://github.com/BIMSBbioinfo/collab_rrustemi_selbach_prisma
https://github.com/BIMSBbioinfo/collab_rrustemi_selbach_prisma


22. Seet, B. T., Dikic, I., Zhou, M.-M. & Pawson, T. Reading protein
modifications with interaction domains. Nat. Rev. Mol. Cell Biol. 7,
473–483 (2006).

23. Davey, N. E. et al. Attributes of short linear motifs.Mol. Biosyst. 8,
268–281 (2012).

24. Meyer, K. & Selbach, M. Peptide-based interaction proteomics.
Mol. Cell. Proteom. https://doi.org/10.1074/mcp.R120.
002034 (2020).

25. Frank, R. Spot-synthesis: an easy technique for the positionally
addressable, parallel chemical synthesis on amembrane support.
Tetrahedron 48, 9217–9232 (1992).

26. Hernandez, D. P. & Dittmar, G. Peptide array-based interactomics.
Anal. Bioanal. Chem. 413, 5561–5566 (2021).

27. Ramberger, E. et al. A universal peptide matrix interactomics
approach to disclose motif-dependent protein binding. Mol. Cell.
Proteom. 20, 100135 (2021).

28. Ramberger, E. et al. PRISMA and BioID disclose a motifs-based
interactome of the intrinsically disordered transcription factor C/
EBPα. iScience 24, 102686 (2021).

29. Kassa, E. et al. Evaluation of affinity-purification coupled to mass
spectrometry approaches for capture of short linear motif-based
interactions. Anal. Biochem. 663, 115017 (2023).

30. Meyer, K. et al. Mutations in disordered regions can cause disease
by creating dileucine motifs. Cell 175, 239–253.e17 (2018).

31. Schulze, W. X. & Mann, M. A novel proteomic screen for peptide-
protein interactions. J. Biol. Chem. 279, 10756–10764
(2004).

32. Lundby, A. et al. Oncogenic mutations rewire signaling pathways
by switching protein recruitment to phosphotyrosine sites. Cell
179, 543–560.e26 (2019).

33. Vermeulen, M. et al. Quantitative interaction proteomics and
genome-wide profiling of epigenetic histone marks and their
readers. Cell 142, 967–980 (2010).

34. Selbach, M. et al. Host cell interactome of tyrosine-
phosphorylated bacterial proteins. Cell Host Microbe 5,
397–403 (2009).

35. Wong, E. T. C. et al. Protein-protein interactions mediated by
intrinsically disordered protein regions are enriched in missense
mutations. Biomolecules 10, 1097 (2020).

36. Hornbeck, P. V. et al. PhosphoSitePlus, 2014:mutations, PTMs and
recalibrations. Nucleic Acids Res. 43, D512–D520 (2015).

37. Dittmar, G. et al. PRISMA: protein interaction screen on peptide
matrix reveals interaction footprints and modifications- depen-
dent interactome of intrinsically disordered C/EBPβ. iScience 13,
351–370 (2019).

38. Mann, M. Functional and quantitative proteomics using SILAC.
Nat. Rev. Mol. Cell Biol. 7, 952–958 (2006).

39. Kumar, M. et al. ELM-the eukaryotic linear motif resource in 2020.
Nucleic Acids Res. 48, D296–D306 (2020).

40. Richards, A. L., Eckhardt, M. & Krogan, N. J. Mass spectrometry‐
based protein–protein interaction networks for the study of
human diseases. Mol. Syst. Biol. 17, e8792 (2021).

41. Meyer, K. & Selbach, M. Quantitative affinity purification mass
spectrometry: a versatile technology to study protein–protein
interactions. Front. Genet. 6, 237 (2015).

42. Vermeulen, M., Hubner, N. C. & Mann, M. High confidence
determination of specific protein–protein interactions using
quantitative mass spectrometry. Curr. Opin. Biotechnol. 19,
331–337 (2008).

43. Smits, A. H. & Vermeulen, M. Characterizing protein-protein
interactions using mass spectrometry: challenges and opportu-
nities. Trends Biotechnol. 34, 825–834 (2016).

44. Batzer, A. G., Rotin, D., Urena, J. M., Skolnik, E. Y. & Schlessinger, J.
Hierarchy of binding sites for Grb2 and Shc on the epidermal

growth factor receptor. Mol. Cell. Biol. https://doi.org/10.1128/
mcb.14.8.5192-5201.1994 (2023).

45. Chardin, P. et al. Human Sos1: a guanine nucleotide exchange
factor for Ras that binds to GRB2. Science 260, 1338–1343 (1993).

46. Lee, T. H. et al. Death-associated protein kinase 1 phosphorylates
Pin1 and inhibits its prolyl isomerase activity and cellular function.
Mol. Cell 42, 147–159 (2011).

47. Pennington, K. L., Chan, T. Y., Torres, M. P. & Andersen, J. L. The
dynamic and stress-adaptive signaling hub of 14-3-3: emerging
mechanisms of regulation and context-dependent
protein–protein interactions. Oncogene 37, 5587–5604 (2018).

48. Ballone, A., Centorrino, F. &Ottmann, C. 14-3-3: a case study in PPI
modulation. Molecules 23, 1386 (2018).

49. Fu, H., Subramanian, R. R. & Masters, S. C. 14-3-3 proteins: struc-
ture, function, and regulation. Annu. Rev. Pharmacol. Toxicol. 40,
617–647 (2000).

50. Sun, W. et al. Increased expression of GATA zinc finger domain
containing 1 through gene amplification promotes liver cancer by
directly inducing phosphatase of regenerating liver 3.Hepatology
67, 2302–2319 (2018).

51. Theis, J. L. et al. Homozygosity mapping and exome sequencing
reveal GATAD1 mutation in autosomal recessive dilated cardio-
myopathy. Circ. Cardiovasc. Genet. 4, 585–594 (2011).

52. Yang, J., Shah, S., Olson, T. M. & Xu, X. Modeling-associated
dilated cardiomyopathy in adult zebrafish. J. Cardiovasc. Dev. Dis.
3, 6 (2016).

53. Lundby, A. et al. In vivo phosphoproteomics analysis reveals the
cardiac targets of β-adrenergic receptor signaling. Sci. Signal. 6,
rs11 (2013).

54. Gingras, A.-C., Gstaiger, M., Raught, B. & Aebersold, R. Analysis of
protein complexes using mass spectrometry. Nat. Rev. Mol. Cell
Biol. 8, 645–654 (2007).

55. Varier, R. A. et al. Recruitment of the mammalian histone-
modifying EMSY complex to target genes is regulated by ZNF131.
J. Biol. Chem. 291, 7313–7324 (2016).

56. Thorsness, P. E. & Koshland, D. E. Jr. Inactivation of isocitrate
dehydrogenase by phosphorylation is mediated by the nega-
tive charge of the phosphate. J. Biol. Chem. 262, 10422–10425
(1987).

57. Pearlman, S. M., Serber, Z. & Ferrell, J. E. Jr. A mechanism for the
evolution of phosphorylation sites. Cell 147, 934–946 (2011).

58. Gingras, A.-C., Abe, K. T. & Raught, B. Getting to know the
neighborhood: using proximity-dependent biotinylation to char-
acterize protein complexes and map organelles. Curr. Opin.
Chem. Biol. 48, 44–54 (2019).

59. Gong, F., Clouaire, T., Aguirrebengoa, M., Legube, G. & Miller, K.
M. Histone demethylase KDM5A regulates the ZMYND8–NuRD
chromatin remodeler to promote DNA repair. J. Cell Biol. 216,
1959–1974 (2017).

60. Dephoure, N., Gould, K. L.,Gygi, S. P. &Kellogg, D. R.Mapping and
analysis of phosphorylation sites: a quick guide for cell biologists.
Mol. Biol. Cell 24, 535–542 (2013).

61. Pérez-Mejías, G. et al. Exploring protein phosphorylation by
combining computational approaches and biochemical methods.
Comput. Struct. Biotechnol. J. 18, 1852–1863 (2020).

62. Vieira-Vieira, C. H., Dauksaite, V., Sporbert, A., Gotthardt, M. &
Selbach, M. Proteome-wide quantitative RNA-interactome cap-
ture identifies phosphorylation sites with regulatory potential in
RBM20. Mol. Cell 82, 2069–2083.e8 (2022).

63. Koyano, F. et al. Ubiquitin is phosphorylated by PINK1 to activate
parkin. Nature 510, 162–166 (2014).

64. Imami, K. et al. Phosphorylation of the ribosomal protein RPL12/
uL11 affects translation during mitosis. Mol. Cell 72,
84–98.e9 (2018).

Article https://doi.org/10.1038/s41467-024-46794-8

Nature Communications |         (2024) 15:3146 17

https://doi.org/10.1074/mcp.R120.002034
https://doi.org/10.1074/mcp.R120.002034
https://doi.org/10.1128/mcb.14.8.5192-5201.1994
https://doi.org/10.1128/mcb.14.8.5192-5201.1994


65. Vander Haar, E., Lee, S.-I., Bandhakavi, S., Griffin, T. J. & Kim, D.-H.
Insulin signalling to mTOR mediated by the Akt/PKB substrate
PRAS40. Nat. Cell Biol. 9, 316–323 (2007).

66. Johnson, C. et al. Bioinformatic and experimental survey of 14-3-3-
binding sites. Biochem. J. 427, 69–78 (2010).

67. Courchet, J. et al. Interaction with 14-3-3 adaptors regulates the
sorting of hMex-3B RNA-binding protein to distinct classes of RNA
granules. J. Biol. Chem. 283, 32131–32142 (2008).

68. Suhda, S., Yamamoto, Y.,Wisesa, S., Sada, R. & Sakisaka, T. The 14-
3-3γ isoform binds to and regulates the localization of endo-
plasmic reticulum (ER)membrane protein TMCC3 for the reticular
network of the ER. J. Biol. Chem. 299, 102813 (2023).

69. Kozeleková, A. et al. Phosphorylated and phosphomimicking var-
iants may differ—a case study of 14-3-3 protein. Front. Chem. 10,
835733 (2022).

70. Gogl, G. et al. Dual specificity PDZ- and 14-3-3-binding motifs: a
structural and interactomics study. Structure 28,
747–759.e3 (2020).

71. Faul, C., Dhume, A., Schecter, A. D. & Mundel, P. Protein kinase A,
Ca2+/calmodulin-dependent kinase II, and calcineurin regulate
the intracellular trafficking of myopodin between the Z-disc and
the nucleus of cardiac myocytes. Mol. Cell. Biol. 27, 8215–8227
(2007).

72. Kliche, J. et al. Large-scale phosphomimetic screening identifies
phospho-modulated motif-based protein interactions. Mol. Syst.
Biol. 19, e11164 (2023).

73. Grossmann, A. et al. Phospho-tyrosine dependent protein-protein
interaction network. Mol. Syst. Biol. 11, 794 (2015).

74. Yaffe, M. B. et al. The structural basis for 14-3-3:phosphopeptide
binding specificity. Cell 91, 961–971 (1997).

75. Obenauer, J. C., Cantley, L. C. & Yaffe, M. B. Scansite 2.0:
proteome-wide prediction of cell signaling interactions using
short sequence motifs. Nucleic Acids Res. 31, 3635–3641
(2003).

76. Madeira, F. et al. 14-3-3-Pred: improvedmethods to predict 14-3-3-
binding phosphopeptides. Bioinformatics 31, 2276–2283 (2015).

77. Cunningham, B. C. &Wells, J. A. High-resolution epitopemapping
of hGH-receptor interactions by alanine-scanning mutagenesis.
Science 244, 1081–1085 (1989).

78. Segal, D. et al. A central chaperone-like role for 14-3-3 proteins in
human cells. Mol. Cell 83, 974–993.e15 (2023).

79. Gogl, G. et al. Hierarchized phosphotarget binding by the seven
human 14-3-3 isoforms. Nat. Commun. 12, 1–12 (2021).

80. Knight, H. C. Alternative Non-Canonical Translation Initiation
Codons Are Used to Synthesise Novel Isoforms of the Transcription
Factor GATAD1. University of Southampton, Doctoral Thesis,
262pp. (2017).

81. Kumagai, A. & Dunphy, W. G. Binding of 14-3-3 proteins and
nuclear export control the intracellular localization of the mitotic
inducer Cdc25. Genes Dev. 13, 1067–1072 (1999).

82. McKinsey, T. A., Zhang, C. L. & Olson, E. N. Identification of a
signal-responsive nuclear export sequence in class II histone
deacetylases. Mol. Cell. Biol. 21, 6312–6321 (2001).

83. Jung, H. et al. The structure of importin α and the nuclear locali-
zation peptide of ChREBP, and small compound inhibitors of
ChREBP-importin α interactions. Biochem. J. 477, 3253–3269
(2020).

84. Nguyen, Ba,A. N., Pogoutse, A., Provart, N. & Moses, A. M.
NLStradamus: a simple Hidden Markov Model for nuclear locali-
zation signal prediction. BMC Bioinforma. 10, 202 (2009).

85. Ochoa, D. et al. The functional landscape of the human phos-
phoproteome. Nat. Biotechnol. 38, 365–373 (2020).

86. Lee, J.M., Hammarén, H.M., Savitski,M.M. &Baek, S. H. Control of
protein stability by post-translational modifications. Nat. Com-
mun. 14, 201 (2023).

87. Johnson, J. L. et al. An atlas of substrate specificities for the human
serine/threonine kinome. Nature 613, 759–766 (2023).

88. Grozinger, C. M. & Schreiber, S. L. Regulation of histone deace-
tylase 4 and 5 and transcriptional activity by 14-3-3-dependent
cellular localization. Proc. Natl Acad. Sci. USA 97, 7835–7840
(2000).

89. Bekker-Jensen, D. B. et al. A compact quadrupole-orbitrap mass
spectrometer with FAIMS interface improves proteome coverage
in short LC gradients. Mol. Cell. Proteom. 19, 716–729 (2020).

90. Messner, C. B. et al. Ultra-fast proteomics with Scanning SWATH.
Nat. Biotechnol. 39, 846–854 (2021).

91. Tomioka, A. et al. One thousand samples per day capillary-flow
LC/MS/MS for high-speed, high-sensitivity and in-depth pro-
teomics. bioRxiv 2023.06.05.543682 https://doi.org/10.1101/
2023.06.05.543682 (2023).

92. Dosztányi, Z., Csizmok, V., Tompa, P. & Simon, I. IUPred: web
server for the prediction of intrinsically unstructured regions of
proteins based on estimated energy content. Bioinformatics 21,
3433–3434 (2005).

93. Rappsilber, J., Ishihama, Y. &Mann, M. Stop and go extraction tips
for matrix-assisted laser desorption/ionization, nanoelectrospray,
and LC/MS sample pretreatment in proteomics. Anal. Chem. 75,
663–670 (2003).

94. Battellino, T., Ogata, K., Spicer, V., Ishihama, Y. & Krokhin, O.
Acetic acid ion pairing additive for reversed-phaseHPLC improves
detection sensitivity in bottom-upproteomics compared to formic
acid. J. Proteome Res. 22, 272–278 (2023).

95. Cox, J. & Mann, M. MaxQuant enables high peptide identification
rates, individualized p.p.b.-range mass accuracies and proteome-
wideprotein quantification.Nat. Biotechnol.26, 1367–1372 (2008).

96. Shannon, P. et al. Cytoscape: a software environment for inte-
grated models of biomolecular interaction networks. Genome
Res. 13, 2498–2504 (2003).

97. Couzens, A. L. et al. Protein interaction network of themammalian
Hippo pathway reveals mechanisms of kinase-phosphatase
interactions. Sci. Signal. 6, rs15 (2013).

98. Mueller, U. et al. The macromolecular crystallography beamlines
at BESSY II of the Helmholtz-Zentrum Berlin: current status and
perspectives. Eur. Phys. J. 130, 1–10 (2015).

99. Krug, M., Weiss, M. S., Heinemann, U. & Mueller, U. XDSAPP: a
graphical user interface for the convenient processing of diffrac-
tion data using XDS. J. Appl. Crystallogr. 45, 568–572 (2012).

100. McCoy, A. J. et al. Phaser crystallographic software. J. Appl.
Crystallogr. 40, 658–674 (2007).

101. Emsley, P., Lohkamp, B., Scott, W. G. & Cowtan, K. Features and
development of Coot. Acta Crystallogr. D. Biol. Crystallogr. 66,
486–501 (2010).

102. Murshudov, G. N., Vagin, A. A. & Dodson, E. J. Refinement of
macromolecular structures by the maximum-likelihood method.
Acta Crystallogr. D. Biol. Crystallogr. 53, 240–255 (1997).

103. Chen, V. B. et al. MolProbity: all-atom structure validation for
macromolecular crystallography. Acta Crystallogr. D. Biol. Crys-
tallogr. 66, 12–21 (2010).

104. Schindelin, J. et al. Fiji: an open-source platform for biological-
image analysis. Nat. Methods 9, 676–682 (2012).

105. Vizcaíno, J. A. et al. 2016 update of the PRIDE database and its
related tools. Nucleic Acids Res. 44, D447–D456 (2015).

106. Trruste/PRISMA-phosphoarray: PRISMA phosphoarray. https://
doi.org/10.5281/zenodo.10790953.

107. BIMSBbioinfo/collab_rrustemi_selbach_prisma: rrustemi, et al. v1.
https://doi.org/10.5281/zenodo.10786078.

Acknowledgements
We would like to thank Martha Hergeselle and Christian Sommer for
technical support, and Tobias Bock-Bierbaum andCarola Bernert for the

Article https://doi.org/10.1038/s41467-024-46794-8

Nature Communications |         (2024) 15:3146 18

https://doi.org/10.1101/2023.06.05.543682
https://doi.org/10.1101/2023.06.05.543682
https://doi.org/10.5281/zenodo.10790953
https://doi.org/10.5281/zenodo.10790953
https://doi.org/10.5281/zenodo.10786078


expression and purification of the 14-3-3 protein. We further thank the
advanced light microscopy facility at the MDC, especially Anca Mar-
gineanu for her help with microscopy and image analysis. T.RR. was
partially funded by the Berlin School of Integrative Oncology (BSIO) and
K.M. conducted the experiments as a JSPS International Research Fel-
lows at Kyoto University, Japan as part of the JSPS Summer Program (ID
Number: SP1831).

Author contributions
T.RR., K.M., and M.S. contributed to the design of the experiments and
implementation of the project. T.RR., K.M., and Y.R. conducted experi-
ments. T.RR., Y.R., and B.U. processed and analyzed the experimental
data. A.A., K.I., Y.I., O.D., and M.S. supervised the work and provided
resources. T.RR. visualized the data and produced most of the figures.
T.RR. and M.S. wrote the manuscript with contributions from all
co-authors.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-024-46794-8.

Correspondence and requests for materials should be addressed to
Matthias Selbach.

Peer review information Nature Communications thanks Etienne Coy-
aud, Tomas Obsil, Liang Qiao, and the other, anonymous, reviewer for
their contribution to the peer review of this work. A peer review file is
available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2024

Article https://doi.org/10.1038/s41467-024-46794-8

Nature Communications |         (2024) 15:3146 19

https://doi.org/10.1038/s41467-024-46794-8
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Pathogenic mutations of human phosphorylation sites affect protein–protein interactions
	Results
	PRISMA for phosphorylation and disease SAV interactions
	Quantification enables detection of specific interactions
	A network of interactions affected by phosphorylation
	S102 in GATAD1 interacts with 14-3-3 proteins
	Structural analysis of the GATAD1 14-3-3 interaction
	The 14-3-3 binding region in GATAD1 is�a NLS

	Discussion
	Methods
	Cell culture
	Selection of peptide candidates for�PRISMA
	PRISMA experimental�setup
	PRISMA sample preparation and LC/MS analysis
	PRISMA data analysis
	SLiM-domain global analysis of PRISMA results
	Generation of HEK-293 cell lines expressing GATAD1 variants
	Interactome analysis of GATAD1 variants using�BioID
	Interactome analysis of GATAD1 variants using AP-MS
	Recombinant protein expression and purification of�YWHAE
	Isothermal titration calorimetry�(ITC)
	Crystallization and structure determination
	Alanine scanning
	Subcellular localization of GATAD1 variants
	Transfection of HEK-293T with GFP fused GATAD1 peptide
	Transfection of HEK-293T with ΔNLS FLAG-GATAD1
	Immunofluorescence studies on HEK-293T�cells
	Reporting summary

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Additional information


