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Abstract: Specific nuclear sub-compartments that are regions of fundamental processes such as gene
expression or DNA repair, contain phosphoinositides (PIPs). PIPs thus potentially represent signals
for the localization of specific proteins into different nuclear functional domains. We performed
limited proteolysis followed by label-free quantitative mass spectrometry and identified nuclear
protein effectors of the most abundant PIP—phosphatidylinositol 4,5-bisphosphate (PIP2). We
identified 515 proteins with PIP2-binding capacity of which 191 ‘exposed’ proteins represent a direct
PIP2 interactors and 324 ‘hidden’ proteins, where PIP2 binding was increased upon trypsin treatment.
Gene ontology analysis revealed that ‘exposed” proteins are involved in the gene expression as
regulators of Pol I, mRNA splicing, and cell cycle. They localize mainly to non-membrane bound
organelles—nuclear speckles and nucleolus and are connected to the actin nucleoskeleton. ‘Hidden’
proteins are linked to the gene expression, RNA splicing and transport, cell cycle regulation, and
response to heat or viral infection. These proteins localize to the nuclear envelope, nuclear pore
complex, or chromatin. Bioinformatic analysis of peptides bound in both groups revealed that
PIP2-binding motifs are in general hydrophilic. Our data provide an insight into the molecular
mechanism of nuclear PIP2 protein interaction and advance the methodology applicable for further
studies of PIPs or other protein ligands.

Keywords: nucleus; limited proteolysis; mass spectrometry; phosphoinositides; phosphatidylinositol
4,5-bisphosphate

1. Introduction

The maintenance of genome stability, genome expression, and its inheritance are
amongst the main functions of the eukaryotic nucleus. In order to fulfil these functions,
the nucleus shows unique, functionally compartmentalized architecture [1]. Nuclear phos-
phatidylinositol phosphates (PIPs) contribute to the spatial compartmentalization of the
nucleus [2—4]. PIPs are known regulators of various processes such as membrane ar-
chitecture and cytoskeletal dynamics, vesicular trafficking, signal transduction, or bone
resorption [5,6]. The most abundant phosphatidylinositol 4,5-bisphosphate (PIP2) localizes
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in the distinct nuclear sub-compartments—nuclear speckles, nucleoli, and nucleoplas-
mic foci—nuclear lipid islets [2]. In a study of Lewis and co-workers, more than 300
PIP2-interacting proteins involved in chromatin remodeling or RNA processing were iden-
tified [7]. PIP2 is also involved in both RNA polymerase I and RNA polymerase Il mediated
transcription [2,8]. Several nuclear proteins which are linked to the regulation of RNA tran-
scription and mRNA processing have direct PIP2-binding capacity [4,9]. Various limited
proteolysis followed by quantitative mass spectrometry (LiP-qMS) approaches have been
successfully used for the determination of tertiary structure or conformational changes
of proteins [10,11]. The LiP experimental approach uses the effect of ligand in the sample
containing the ligand binding proteins. The addition of the ligand into the reaction causes
binding of interactors and masks protein binding sites or induces conformational change
that affects the accessibility of protease cleavage sites. Nuclear proteins rarely contain the
canonical PIPs-binding domains, such as PH, FYVE, or PX domains. Instead, polybasic
stretches containing lysine and arginine amino acid residues (K/R motifs) mediate the
PIP2 binding [7]. Here we used LiP-qMS to identify the nuclear proteins, which directly
bind to PIP2. We took the advantage of the trypsin protease activity, which specifically
cleaves the peptide bond at the C-terminus of lysine and arginine residues, and developed
LiP-based experimental pipeline using covalently conjugated PIP2 agarose beads followed
by gMS to identify the proteins that interact with PIP2. We refer to this experimental
pipeline as Phosphoinositide phosphates-based Limited Proteolysis quantitative mass
spectrometry (PIPsLiP-qMS). This novel two-step approach allowed us to identify PIP2-
interactome of the nuclear proteome and provides data discriminating two different types
of PIP2-binding regions. Our approach provides information about structural features of
the PIP2—protein interaction on a nuclear proteome scale and a methodological pipeline
for further evaluation of other nuclear PIPs interactors and thus determination of their
possible functions.

2. Materials and Methods
2.1. Cell Culture, Antibodies, and Lipid-Conjugated Beads

HeLa cells were cultured in suspension in DMEM media supplemented with 10%
fetal bovine serum in spinner flasks at 37 °C 10% CO, atmosphere for 5 days. Antibodies
used in this study: anti-GAPDH (Abcam, Cambridge, UK, ab8245), anti-lamin A (Abcam,
Cambridge, UK, ab8990), anti-CWC25 (Sigma-Aldrich, St. Louis, MO, USA, HPA062997),
anti-MPRIP antibody (Sigma-Aldrich, St. Louis, MO, USA, HPA022901). IRDye® 800 CW
Donkey anti-Rabbit IgG (LI-COR Biosciences, Lincoln, NE, USA, 926-32213), IRDye®
800 CW Donkey anti-Mouse IgG (LI-COR Biosciences, Lincoln, NE, USA, 926-32212), PIP2-
conjugated agarose beads (Echelon Biosciences Inc., Salt Lake City, UT, USA, P-B045A-2),
blocked control agarose beads (Echelon Biosciences Inc., Salt Lake City, UT, USA, P-B000).

2.2. Nuclear Lysate Preparation

One liter of HeLa suspension culture was spun at 1300 g at 4 °C for 15 min. Pellet was
resuspended in 7 mL of B buffer (50 mM Hepes pH 7.4, 150 mM NaCl, 1 mM DTT) and
subjected to Dounce homogenization (20 strokes). Cell nuclei were sedimented by 1800x g
centrifugation at 4 °C for 5 min. Supernatant was collected as cytoplasmic fraction. Nuclear
pellet was washed 4 times in 10 mL of B buffer. Clean nuclear pellet was sonicated in
Soniprep 150 (MSE) bench top sonicator (1 s on, 1 s off for 30 cycles at power 10 amplitude
microns). Sonicated lysate was spun down at 13,000 g at 4 °C for 15 min. Supernatant
was collected as nuclear lysate. Protein concentration was determined by Pierce™ BCA
Protein Assay (Thermo Fisher Scientific, Waltham, MA, USA, 23227) according to the
manufacturer’s protocol.

2.3. Trypsin Inhibition Assay

Five micrograms of bovine serum albumin (BSA; New England Biolabs, Ipswich, MA,
USA, B9001S) were diluted in 19 pL of B buffer (50 mM Hepes pH 7.4, 150 mM NaCl, 1 mM
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DTT). One microliter of trypsin (0.5 pug) (Promega, Madison, WI, USA, V5111) was added
to the reaction and incubated at RT for one minute. After one-minute incubation, one
microliter of protease inhibitor (cOmplete™, Roche, Basel, Switzerland, 05056489001) was
added or reaction was boiled at 100 °C. Protein samples were immediately vortexed and
incubated at 4 °C for 60 min to ensure the stability of the reaction.

2.4. PIPsLiP-qMS Experiment

Three liters of HeLa suspension culture were used for nuclear lysate preparation. One
milliliter of nuclear lysate with protein concentration of 2.5 mg/mL was used per condition.
Eighty microliters of washed PIP2-conjugated agarose beads or control beads respectively,
were added into the respective reaction and incubated at 4 °C for 1 h rotating to allow
PIP2—protein interaction. After this step, 0.5 pg of trypsin (Promega, Madison, WI, USA,
V5111) was added (1:5000 trypsin:total protein ratio), mixed well, and incubated at RT
for 1 min. After the incubation, we added 1.4 pL of broad spectrum protease inhibitors
(cOmplete™, Roche, Basel, Switzerland, 05056489001) into the reaction, mixed well, and
placed on ice. The control beads sample was centrifuged at 300x g at 4 °C for 2 min.
Supernatant was transferred into a new tube and 80 pL of fresh PIP2-conjugated beads
were added into the reaction and the sample was incubated rotating at 4 °C for 1 h. Finally,
beads were spun down and washed twice in 1 mL of B buffer and subjected to sample
preparation for qMS measurement. PIPsLiP was performed in three independent replicates.

2.5. Protein Digestion

Beads were resuspended in 100 mM triethylammonium bicarbonate (TEAB) contain-
ing 2% sodium deoxycholate (SDC). Proteins were eluted and cysteines were reduced in one
step by heating with 10 mM final concentration of Tris-(2-carboxyethyl)phosphine (TCEP;
60 °C for 30 min). Beads were removed by centrifugation and proteins in the supernatant
were incubated with 10 mM final concentration of methyl methanethiosulfonate (MMTS;
10 min RT) to modify reduced cysteine residues. In-solution digestion was performed
with 1 pg of trypsin at 37 °C overnight. After digestion, the samples were centrifuged and
supernatants were collected and acidified with TFA to 1% final concentration. SDC was
removed by ethylacetate extraction [12]. Peptides were desalted using homemade stage
tips packed with C18 disks (Empore) according to Rappsilber et al. [13].

2.6. Nano Scale Chromatographic Tandem Mass Spectrometry (nLC MS2) Analysis

Nano reversed phase column (EASY Spray column, 50 cm x 75 um ID, PepMap
C18, 2 um particles, 100 A pore size) was used for Liquid chromatography-tandem mass
spectrometry (LC-MS/MS) analysis. The mobile phase buffer A was composed of water
and 0.1% formic acid. The mobile phase B was composed of acetonitrile and 0.1% formic
acid. The samples were loaded onto the trap column (Acclaim PepMap 300, C18, 5 um,
300 A Wide Pore, 300 pm X 5 mm, 5 Cartridges) at 15 pL/min for 4 min. The loading buffer
was composed of water, 2% acetonitrile, and 0.1% trifluoroacetic acid. Peptides were eluted
with the mobile phase B gradient from 4% to 35% B in 60 min. Eluting peptide cations
were converted to gas phase ions by electrospray ionization and analyzed on a Thermo
Orbitrap Fusion (Q OT glIT, Thermo Fisher Scientific, Waltham, MA, USA). Survey scans of
peptide precursors from 350 to 1400 m/z were performed at 120 K resolution (at 200 m/z)
with a5 x 10° ion count target. Tandem MS was performed by isolation at 1.5 Th with
the quadrupole, HCD fragmentation with normalized collision energy of 30, and rapid
scan MS analysis in the ion trap. The MS/MS ion count target was set to 104, and the max
injection time was 35 ms. Only those precursors with charge state 2-6 were sampled for
MS/MS. The dynamic exclusion duration was set to 45 s with a 10 ppm tolerance around
the selected precursor and its isotopes. Monoisotopic precursor selection was turned on.
The instrument was run in top speed mode with 2 s cycles [14].
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2.7. Raw Data Processing

Raw data files acquired by LC-MS/MS were processed with MaxQuant v1.6.11.0 [15].
Peak lists were searched against the human SwissProt database (May 2020) using An-
dromeda search engine [16]. Minimum peptide length was set to seven amino acids, and
two missed cleavages were allowed. Dithiomethylation of cysteine was set as a fixed
modification while oxidation of methionine and protein N-terminal acetylation were used
as variable modifications. Only peptides and proteins with false discovery rate (FDR) lower
than 0.01 were accepted. Protein intensities were normalized using MaxLFQ algorithm [17].
MaxQuant output data were further analyzed using Perseus v1.6.12.0 [18] and visualized in
R v4.0.0 [19]. Briefly, protein groups identified at the 0.01 FDR level were further filtered to
remove potential contaminants, decoys, and proteins identified based on modified peptides
only. The resulting matrix was filtered based on the number of missing values (at least
three valid values in at least one of the groups), and after log2 transformation, missing
values were imputed from normal distribution (width = 0.3 times standard deviation (SD)
and shift = 1.8 times SD of the original distribution).

2.8. Statistical Analysis

The samples were categorized in two groups—in the first group, LiP was performed
in the presence of the PIP2-beads (to protect ‘exposed’-PIP2-binding motifs; PIP2-LiP)
while in the second group, LiP was performed in the presence of blank beads, and the
supernatant was incubated with PIP2-beads (to reveal ‘hidden’ PIP2-binding motifs; LiP-
PIP2). Student’s t-test was performed with an additional fold-change cut-off (p < 0.05;
fold change > 2) to compare differentially enriched proteins between these groups and
to identify the most significant hits. Additional false discovery rate (FDR) correction for
multiple hypothesis testing was performed (permutation-based FDR 0.05 or 0.1; Perseus
v1.6.12.0) and reported in the supplementary files.

2.9. Gene Ontology Enrichment

Gene ontology annotation (gene ontology biological process and gene ontology cel-
lular compartment, GOBP and GOCC, resp.) was performed in Perseus, and statistical
significance of GOBP and GOCC terms enrichment in the ‘exposed’ and “hidden’ groups
was evaluated by Fisher’s exact test using all quantified proteins as a background reference
set. The complementary GO search for mRNA processing and RNA splicing factors in ‘ex-
posed’ protein group was done using the https:/ /string-db.org/ interface with interaction
score set as “medium confidence (0.4)”. For details please refer to STRING web page [20].

2.10. Peptide Hydrophobicity Analysis

All identified peptides were assigned a grand average of hydropathy (GRAVY) value
(http:/ /www.gravy-calculator.de/index.php). Peptide distributions corresponding to
‘exposed’ proteins, ‘hidden’ proteins, and the remaining proteins were visualized, and
the difference between these groups was evaluated using Kruskal-Wallis test. Pairwise
comparisons were performed using pairwise Wilcoxon test with Bonferroni correction.

2.11. Data Visualization

All plots were generated using R package ‘ggplot2’. The x-axis in the volcano plot
shows log2-transformed fold change between PIP2-LiP and LiP-PIP2 groups described
above; the y-axis shows the negative decadic logarithm of the t-test p-value. In the bubble
plots, the x-axis shows the proportion of proteins from a GO category from all proteins in
the ‘exposed’ or ‘hidden’ group; y-axis shows the negative decadic logarithm of p-value
estimated using Fisher’s exact test. The size of the bubble corresponds to the number of
proteins. In the boxplots, the bold line indicates the median value; box borders represent
the 25th and 75th percentiles, and the whiskers represent the minimum and maximum
value within 1.5 times of interquartile range. Outliers out of this range are depicted using
solid dots.
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2.12. Bioinformatic Analyses

Sequence retrieval—Canonical protein sequences were obtained from UniProtKB [21]
(release 2020_06). Search for PIPs-binding domains—the PROSITE database [22] (release
2019_11) was used for selection of protein domains previously shown to bind to PIPs
resulting in 11 protein domains selected: C2; N-terminal C2 (NT-C2); DOCK-homology
region (DHR)-1 and -2; epsin NH2-terminal homology (ENTH); Fab1l, YOTB/ZK632.12,
Vacl and EEA1 (FYVE); GRAM-like ubiquitin-binding in EAP45 (GLUE); pleckstrin homol-
ogy (PH); phosphotyrosine interaction domain (PID); phox homology (PX); and Sprouty
(SPR) domain. List of all human proteins containing these domains was retrieved from
Swiss-Prot [20] using the PROSITE database and compared to the list of the most significant
PIP2-interactors. Search for K/R motifs—ScanProsite tool [22] was employed for searches
for K/R rich motifs: [KR]-x(3,7)-K-x-[KR]-[KR], [KR]-x(3,7)-K-x-[KR], and [KR]-x(3,7)-K-x-K
with match mode set as greedy with no overlaps.

2.13. PIP2-Coated Beads Pull-Down and Western Blot

PIP2-coated or control agarose beads (20 uL slurry) were incubated with 1 mg of nuclear
lysate for 1 h at 4 °C. Beads were washed 3 times with buffer (50 mM Hepes pH 7.4, 150 mM
NaCl, 1 mM DTT) and subjected to western blot analysis. Proteins were loaded on a 4-20%
polyacrylamide gel (Bio-Rad Laboratories, Hercules, CA, USA, 4561093), separated by SDS-
PAGE, and transferred on a nitrocellulose membrane (BioTraceTM, Menlo Park, CA, USA,
66485). Membranes were blocked with 3% BSA in PBS for 1 h and incubated with primary
antibodies and with appropriate secondary antibodies conjugated to IRDye. The signal was
detected by Odyssey Infrared Imaging System (LI-COR Biosciences, Lincoln, NE, USA).

3. Results
3.1. Rationale and Experimental Workflow of PIPsLiP-qgMS Experiment

We developed a novel experimental workflow PIPsLiP-qMS in order to understand
molecular processes with involvement of nuclear PIP2. Heat inactivation of trypsin is a nec-
essary step in LiP-qMS. However, this treatment has denaturing effect on all proteins in the
sample. Therefore, such approach is not suitable for experiments where additional steps de-
mand proteins in a native conformation. In our experimental set-up, with non-denaturing
conditions, we preserve proteins structural folds that are important for recognition and
binding of PIP2. The PIP2 pull-down step decreases the complexity of the sample ana-
lyzed by qMS. The sample treatment by trypsin is done in the complete nuclear proteome.
However, the analysis of only PIP2-bound protein fraction is ensured by pull-down of
PIP2-conjugated beads. In order to block trypsin catalyzed cleavage with high efficacy,
we used protease inhibitor mix (Roche; see Material Methods), which irreversibly and
reversibly inhibits a broad spectrum of proteases. We tested the efficacy of this inhibitor
mix to block trypsin cleavage and compared it to the efficacy of heat inactivation standardly
used in LiP-MS experiments. We tested the efficacy of trypsin inhibition on BSA cleavage
assay (Figure 1A).
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Figure 1. (A) Comparison of the trypsin cleavage block efficacy between inhibitor mix and heat
inactivation. Bovine serum albumin (BSA) and its cleavage products were Coomassie Brilliant Blue-
stained in polyacrylamide gel. First lane (from left) contains only BSA. In second lane, the inhibitors
were added to the sample prior to trypsin digestion. Third lane contains a reaction where inhibitors
were added after 1 min of trypsin incubation. In fourth lane, the sample was boiled after 1 min of
trypsin incubation. All reactions were incubated at 4 °C for additional 1 h to ensure the stability of
the trypsin inactivation. (B) Western blot (WB) analysis showing the purity of limited proteolysis
(LiP) protein lysate starting material. NL—Nuclear lysate, CL—cytoplasmic lysate. WB shows
immunodetected nuclear marker lamin A and the cytoplasmic marker GAPDH. (C) Scheme of the
Phosphoinositide Phosphates based Limited Proteolysis quantitative Mass Spectrometry (PIPsLiP-
qMS) experimental workflow. HeLa cells were grown in suspension into high densities followed
by centrifugation and Dounce homogenization. The separation of nuclei from cytoplasm was done
by centrifugation. Isolated nuclei were sonicated and lysates were prepared. Nuclear lysates were
used as starting material in subsequent steps. Phosphatidylinositol 4,5-bisphosphate (PIP2)-coated
beads or control beads were added into the nuclear lysate. The control beads served as free surface
which might bind proteins non-specifically and thus protect them from trypsin cleavage. In the next
step, trypsin was added into both reactions and then it was inhibited after 1 min of incubation at
RT. Inactivation was done under non-denaturing conditions (inhibitors), therefore, PIP2-binding
capacities of proteins remain persistent. Control beads were collected by centrifugation and discarded
from the control sample. The supernatant was transferred into a clean tube and fresh PIP2-covered
beads were added and incubated at 4 °C for 1 h. Capacity of proteins to bind PIP2 in this step should
be diminished, since the binding sites were not protected by the ligand during LiP. Thus, lower
amounts of these proteins will co-precipitate together with PIP2-covered beads. Washed PIP2-beads
from both samples were collected; proteins were eluted and subjected to sample preparation for
quantitative mass spectrometry analysis.
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BSA cleavage assay revealed that BSA was partially cleaved by trypsin into fragments
in all tested conditions. The cleavage occurred at the most accessible sites of BSA. The
inhibitors were not able to protect all cleavage sites before reaching full inhibition of
trypsin even when inhibitors were added prior to trypsin. Addition of inhibitors to the
reaction prior to the addition of trypsin had similar cleavage patterns as the addition
of inhibitors after 1 min incubation at RT. More cleavage products at lower molecular
weights (approx. 45-60 kDa) and ~25-37 kDa appeared in reaction after heat inactivation,
whereas these fragment were almost absent in both reactions with added inhibitors. Based
on this, we suggest that the inhibitor mix blocks trypsin cleavage even more efficiently
than the heat inactivation. The inhibition (both inhibitors and heat) was effective 1 h
after the treatment, which is a necessary pre-condition for subsequent PIP2 pull-down. In
the LiP-MS experiment, analysis of complex proteomes remains a challenging task. To
overcome this hurdle, in PIPsLiP-qMS we used two steps to decrease the complexity of
the analyzed samples. First, for the cell material fractionation, we employed an approach
for cell nuclear lysate preparation. It is necessary for the subsequent gMS analysis to have
highly concentrated starting material. Our protocol leads to the preparation of highly
concentrated nuclear lysates with low cross-contamination. We confirmed the purity of our
preparations by Western blot analysis of the nuclear and cytoplasmic markers, lamin A, and
GAPDH, respectively (Figure 1B). Second, the covalent ligand conjugation to the agarose
beads enabled us to perform the pull-down after trypsin inactivation step (Figure 1C) and
thus further decrease the complexity of the samples analyzed by qMS.

3.2. The Identification of PIP2-Effectors in Nuclear Proteome by Label-Free gMS

The gMS-based comparison of the abundance of PIP2-bound proteins between both
samples allowed us to identify individual proteins which were associated with PIP2-
binding. Our PIPsLiP-qMS experimental approach identified 515 proteins of which PIP2
significantly changed their susceptibility to trypsin cleavage. Such changes might be due
to direct PIP2-binding and thus masking cleavage site or indirect due to the conformational
change which in turn exposes or hides trypsin recognition site. Therefore, these proteins
can be divided into two groups. In the first group, the addition of PIP2 led to the protection
of proteins from trypsin cleavage and thus their PIP2-coprecipitation was increased. This
group includes direct interactors and also the proteins which do not have any PIP2-binding
capacity, but their conformation is indirectly changed through interactions with compo-
nents of the PIP2-binding protein complexes. We refer to this group of 191 proteins as
‘exposed’. In this set of proteins, PIP2 potentiates the formation of a complex or an indirect
conformational change leading to cleavage protection by burying of trypsin cleavage sites.
The second protein group, that we refer to as ‘hidden’, contains proteins that showed
increased PIP2-binding upon trypsin treatment. The ‘hidden” group includes 324 proteins
in which trypsin cleavage promotes the PIP2-binding sites accessibility. We discriminated
between ‘exposed” and ‘hidden” PIP2-interactors by further analyzing the significant PIP2-
effectors in nuclear proteome and set the minimal change of protein abundance to 2-fold
(Figure 2 and Supplementary Table S1).

Taken together, here we identified the nuclear PIP2-interacting proteins and proteins
whose PIP2 interactions change their conformation. We further refer to the proteins from
both groups as nuclear PIP2-effectors. We further aimed to identify processes in which
these proteins participate and their sub-nuclear localization.
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Figure 2. The PIP2-binding proteins differentially identified by PIPsLiP-qMS in HeLa nuclear proteome. LiP was performed
in the presence of the PIP2-beads (to protect ‘exposed” PIP2-binding motifs; PIP2-LiP) or in the presence of blank beads, and
then the partially digested supernatant was incubated with PIP2-beads (to reveal ‘hidden” PIP2-binding motifs; LiP-PIP2).
Student’s t-test was performed with an additional fold-change cut-off >2 (indicated by vertical red lines) to identify the
most significant hits. The blue dots mark proteins enriched in LiP-PIP2 group, while red dots indicate proteins enriched in

the PIP2-LiP group.

3.3. PIP2-Effectors in Human Nuclear Proteome Are Mainly Linked to Regulation of Gene
Expression

Gene ontology (GO) over-representation analysis of ‘exposed” and ‘hidden’ proteins
provided insight into the function of PIP2 in the cell nucleus. In this analysis, we identi-
fied biological processes where ‘exposed’ and ‘hidden” PIP2-effector proteins participate
(Figure 3A and Supplementary Table S2; GOBP).

Moreover, GO analysis provided us with the information about the localization of the
processes into the various nuclear sub-compartments (Figure 3B and Supplementary Table S2;
GOCC). PIP2-effector localization overlaps with already known nuclear PIP2 pools—
nuclear speckles, nucleoli, non-membrane bound organelles, and also cytoskeleton. The
‘exposed’ protein group is linked with regulation of polymerase II mediated transcription,
mRNA processing, and actin organization, whereas ‘hidden’ group of proteins belongs
to later stages of gene expression such as mRNA transport, RNA localization, or periph-
eral processes connected to the nuclear envelope or nuclear protein import. Therefore,
‘exposed’ and ‘hidden’ proteins have different sub-nuclear localizations, which suggests
that ‘exposed” and ‘hidden’ proteins participate in different nuclear processes.
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Figure 3. Gene ontology analysis of PIP2-effectors based on (A) biological process (GOBP) and (B) cellular compartment

(GOCC). Bubble charts represent ‘exposed’ and ‘hidden’ proteins using all quantified proteins as a background reference

set. X-axis shows the proportion of proteins from a gene ontology (GO) category from all proteins in the ‘exposed’ (red) or

‘hidden’ (blue) group. Y-axis shows the -log10 p-value estimated using Fisher’s exact test. The size of the bubble corresponds

to number of proteins.

3.4. PIP2-Binding Protects Hydrophilic Regions

Our GO analysis revealed functional and localization differences between proteins
that belong to ‘exposed’ and ‘hidden’ PIP2-effectors. We further asked whether these
differences are due to the variance in PIP2-binding region properties. Therefore, we
performed a bioinformatic analysis of the hydropathy index of amino acid residues within
peptides detected by PIPsLiP (Figure 4).

This analysis revealed the difference in PIP2-binding effect on the protection of pro-
tein regions based on their hydropathy. First class of proteins showed higher degree of
binding with exposed PIP2-binding regions. The peptides bound to PIP2-covered beads
showed the highest hydrophilicity of their side chains. This suggests that these regions
are not structural parts of hydrophobic cores of globular protein domains. On the con-
trary, the peptides belonging to the ‘hidden’ group showed lower hydrophilic properties
than both ‘exposed’ and control protein groups. These data are in agreement with our
hypothesis that ‘hidden’ regions are not primarily accessible to PIP2 ligand, but become
accessible upon the conformational change. In summary, these data suggest that nuclear
PIP2-associated effectors belong to at least two functional classes and that PIP2-binding
regions are likely situated in the unstructured motifs. Importantly, the interacting motifs
of ‘exposed’ proteins are hydrophilic, suggesting that they interact with phosphorylated
head groups of PIP2 and not hydrophobic acyl group of this lipid. Therefore, we suggest
that the differentially phosphorylated head groups of different PIPs represent an important
signal for the functional localization of the interacting nuclear proteins.
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Figure 4. Hydropathy index distribution of peptides corresponding to ‘exposed” and ‘hidden’ protein
groups. GRAVY value distributions of identified peptides corresponding to ‘exposed’ proteins,
‘hidden’ proteins, and the remaining proteins from the data set (‘Other proteins’) are shown. The
difference between these groups was evaluated using Kruskal-Wallis test. Pairwise comparisons
were performed using pairwise Wilcoxon test with Bonferroni correction. The hydropathy values
range from —2 to +2 for most proteins, with the positively rated proteins being more hydrophobic.
The bold line and the number above the line indicate median values; box borders represent the 25th
and 75th percentiles, and whiskers represent the minimum and maximum value within 1.5 times of
interquartile range. Outliers out of this range are depicted using solid dots.

3.5. PIP2-Effector Proteins Contain Polybasic K/R Motifs

The majority of PIP2-associated nuclear effectors do not contain the canonical PIPs
binding domains [7]. The PIPsLiP-qMS approach identified only two proteins with PIPs-
binding PH domain amongst the most significant PIP2-interactors (Supplementary Table S3).
The low incidence of canonical PIPs-binding domains in both ‘exposed’ and “hidden’
proteins is in agreement with previous observations and thus suggests that interactions
between PIP2 and nuclear proteins are mediated by other regions [7]. We analyzed the
abundances of polybasic K/R-rich motifs responsible for PIP2-binding. We searched for
K/R motif K/R-x(3-7)-K-x-K/R-K/R and related K/R-x(3-7)-K-x-K/R and K/R-x(3-7)-K-
x-K (see Section 2.12. for details). Motif K/R-x(3-7)-K-x-K/R-K/R is present in 25% of
‘exposed’ and 24% of ‘hidden’ proteins. Motif K/R-x(3-7)-K-x-K/R is in 66% of ‘exposed’
and 57% of ‘hidden’ proteins. Motif K/R-x(3-7)-K-x-K is in 59% of ‘exposed” and 41% of
‘hidden’ proteins (Supplementary Tables S4 and S5). Based on these results we assume
that both, ‘exposed” and ‘hidden’ proteins, might interact with PIP2 via these K/R motifs.
Proteins without these motifs possibly have another unknown PIP2-binding motif or may
interact with PIP2-binding protein complexes.
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4. Discussion

PIPs are important functional regulators of mammalian nuclear processes [4]. PIPs are
protein ligands with the ability to recruit and thus affect the localization, conformation, and
activity of their protein effectors [4,9,23]. Therefore, it is of particular interest to identify the
PIP2 nuclear effectors. Based on the PIP2-associated proteome, we can predict the molecular
processes in which PIP2-effectors participate. Affinity purification in combination with
MS analysis is, due to its simplicity, the method of choice for the identification of the
effectors of any molecule. However, this method is often obstructed by constrains of high
sample complexity, non-specific binding of proteins to bait or dynamic range of the sample,
leading to relatively high degree of false positives [24]. The balance between the reduction
of the protein complexity and enrichment of the target pool of proteins are the essentials
for the protein extract preparation [7]. Our experimental PIPsLiP-qMS pipeline obviates
the problems with dynamic range and specimen complexity, since trypsin cleavage in
combination with cell fractionation and PIP2 pull-down reduce the antagonizing effect of
the most abundant proteins within the sample for subsequent qMS analysis [24]. Integration
of LiP with gMS provides a powerful tool to determine the boundaries of structured protein
domain with an unprecedented accuracy [10]. However, the standard LiP-MS approach
demands heat inactivation of the protease and therefore is not suitable for our subsequent
affinity purification step, where proteins need to be in the native non-denatured state [25].
In our approach, we eliminated this obstacle by introducing protease inhibitors, which is
important for the identification of the proteins in their native conformation.

In the study of Lewis and co-workers, the authors used the neomycin extraction
which might not provide the entire range of PIPs-effector proteins [7]. Therefore, we
developed an alternative experimental approach to expand these data and correlate both
methods. The cross-correlation between results obtained by both approaches suggests
that each approach leads to a different set of analyzed proteins (Supplementary Figure S1).
However, the comparison of results from GO analysis provides a similar set of participating
nuclear processes such as gene expression, RNA processing, and chromatin regulation [7].
This is in agreement with our previous findings that PIP2 regulates both Pol I and Pol I
mediated transcription, epigenetic regulation and RNA processing [2,8,9,26]. We validated
PIPsLiP-qMS approach by control pull-down experiments followed by WB detection of two
chosen proteins MPRIP and CWC25 and showed that indeed both proteins have the binding
capacity for PIP2 (Supplementary Figure S2). Furthermore, ~75% of identified proteins from
the most significant hits are annotated as nuclear [20] or show nuclear signal detected by
immunofluorescence at www.proteinatlas.org database [27,28] (Supplementary Table S6).

GO analysis of PIP2-effectors identified proteins linked to the nuclear speckles. Nu-
clear speckles are enriched in mRNA splicing factors and supply them to the active splicing
sites [29,30]. Importantly, nuclear speckles are sites of highest PIP2 concentration in the
cell nucleus [2]. Our present data support the notion of a regulatory axis between PIP2
and mRNA splicing regulation [31]. Furthermore, our PIPsLiP-qMS approach identified
proteins associated with mRNA processing, mRNA splicing, and some proteins linked
to PI-PLCB1 interactome [31] (Supplementary Table S7 and Supplementary Figure S3).
PI-PLCf1 is a nuclear enzyme that catalyzes the cleavage of PIP2 and is a key factor which
regulates splicing factor SRSF3 and skeletal muscle differentiation [31,32]. Therefore, we
suggest that the PIP2 level at nuclear speckles regulates localization of splicing factors that
bind PIP2 and thus their availability for the active splicing events [33]. In this model, PIP2
levels at nuclear speckles would represent an important determinant of the mRNA splicing
rate in eukaryotic cell.

GO of PIP2-enriched ‘exposed’ proteins shows significant increase of the regulators
of Pol II transcription, gene expression, and RNA processing, whereas ‘hidden’ proteins
belong to the nuclear pore complex and RNA export and therefore could regulate later
stages of the gene expression. In agreement with this, our bioinformatic search from the
GOCC database revealed proteins based on particular sub-cellular localization and indi-
cated that ‘hidden’ proteins localize to the nuclear periphery. PIPsLiP-qMS provided data
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which link ‘exposed” PIP2-effectors and actin cytoskeleton. The growing body of evidence
supports the key role of actin and cytoskeleton-related proteins in the establishment of
nuclear architecture competent for gene expression [34,35]. Our laboratory identified first
nuclear actin motor protein nuclear myosin 1 (NM1), which functions as Pol II transcription
factor [36-38]. The importance of actin in the activity of Pol I and Pol II has also been docu-
mented [37,39]. Therefore, the presented PIPsLiP-qMS identification of the PIP2-effectors
associated with actin cytoskeleton is in agreement with the previous studies that showed
involvement of nucleoskeleton in the regulation of gene expression [37-41]. Moreover, the
novel PIP2-binding actin- and cytoskeleton-related proteins identified here are interesting
candidates for further studies.

GO analysis of PIP2-effectors further identified proteins linked to proteasome, heat
response, and nucleoli localization. Heat shock induced protein aggregates or misfolded
proteins are directed to nucleoli [42,43]. The degradation of protein aggregates is in
general mediated by proteasomal or autophagy processes [44—46]. Ubiquitinated and heat
shock proteins form aggresomes within the nucleolus [43,47] Proteins sensitive to heat
shock denaturation, which are enriched for disordered regions, can be refolded within
the nucleolus [42]. Nucleolar aggresomes contain proteins such as fibrillarin, ubiquitin,
or autophagy factor LC3 [48,49]. In yeast, a starvation-mediated autophagy specifically
removes some nucleolar factors [50]. Our PIPsLiP approach identified key regulator of
autophagy serine-threonine kinase mammalian target of rapamycin (mTOR) as a PIP2-
effector protein. mTOR localizes to nucleolus and is implicated in nucleolar processes
such as RNA polymerase I and III -mediated transcription [51,52]. Moreover, the nucleolar
protein nucleophosmin is involved in non-canonical autophagy when Pol I is inhibited [53].
PIP2 is a nucleolar factor affecting the activity of nucleolar proteins such as Pol I and
fibrillarin [8,26]. When ubiquitin proteasome system is inhibited, the fibrillarin colocalizes
in nucleolar aggregates with ubiquitin and LC3 [49]. The nucleolus thus represents a
regulatory hub for protein quality control through ubiquitin proteasome system and
autophagy signaling. Therefore, our data that identified nucleolar PIP2-interactors are
in agreement with the previous notion of the nucleolar involvement in the regulation
of autophagy.

GO analysis also identified viral infection response proteins. Viruses often hijack the
transcription regulatory processes in order to replicate. In this regard, the recent work of
Prof. Akgiil laboratory represents the interesting connection of nuclear PIP2 levels increase
upon HPV infection [54]. Our GO data presented here are in accordance with Akgiil and
coworkers, suggesting that PIP2-dependent nuclear pathway might represent promising
candidate for regulation of viral infection surveillance. Therefore, the involvement of
‘hidden’ proteins in the later stages of gene expression and acting downstream of the
‘exposed’ group points to their effector role in the mRNA export, response to heat or viral
replication. Furthermore, based on their localization, it seems that they act in different sites
of the nucleus than ‘exposed” group of proteins, indicating the mobility of PIP2-associated
effectors from the sites of their primary action to other sub-nuclear compartments.

PIPsLiP-qMS data analysis further describes the hydropathy properties of regions
responsible for the PIP2 interaction. Our hydropathy data show that PIP2-binding motifs
are presumably situated in the regions with increased hydrophilicity. Our subsequent
bioinformatic search found polybasic K/R motifs in a substantial portion of PIPsLiP-qMS
identified proteins.

In summary, we developed the PIPsLiP-qMS experimental pipeline which enabled
the identification of nuclear PIP2-effectors. Data provided here determine the nuclear
PIP2-effectors which uniquely belong to two protein groups representing regulators of
such processes as gene expression, Pol II transcription, and mRNA splicing. These protein
groups show different sub-nuclear locations of their actions. Further, we discovered that the
PIP2-binding motifs are hydrophilic and thus presumably interact with inositol head group.
The PIPsLiP-qMS thus represents a promising approach for identification of ligand—effector
interactions and further determination of specific binding motifs. Standard affinity-based
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MS approaches do not allow for the characterization of protein topography at the site of
ligand-protein association. In contrast, the proteolytic cleavage which preferentially occurs
at accessible, unstructured, and flexible regions of native proteins, allows for the discrim-
ination and definition of these regions, since globular domains are typically resistant to
proteolysis [11]. Therefore, PIPsLiP-qMS provides novel information about the topology,
organization, and conformational changes of proteins associated with PIP2 binding. More-
over, the combination of other proteases may provide a better dissection of ligand binding
sequences in future studies, e.g., non-specific proteinase K which would enable a more gen-
eral view of the exposed regions. This experimental pipeline is theoretically applicable for
any other ligand which is covalently linked to beads. Our high-throughput PIPsLiP-qMS
approach provides a powerful, label-free tool to study protein-lipid interactions and to
elucidate the molecular functions of nuclear PIPs and their effectors.
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-4409/10/1/68/s1, Table S1: Summary of all protein groups identified in this study; Table S2: Selected
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containing proteins identified by bioinformatic analysis; Table S4: The summary of bioinformatic
analysis of PIP2-binding motifs in ‘exposed’ protein group; Table S5: The summary of bioinformatic
analysis of PIP2-binding motifs in “hidden” protein group; Table S6: Summary of the most significant
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localization; Table S7: The list of proteins annotated in GOBP as mRNA splicing, mRNA processing
factors, and protein linked to nuclear speckles; Figure S1: The Venn diagram representing the overlap
of data provided by PIPsLiP-qMS with data presented in [7]; Figure S2: The verification of PIP2-
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