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Identification of Nuclear Phosphatidylinositol
4,5-Bisphosphate-Interacting Proteins by

Neomycin Extraction*s
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Considerable insight into phosphoinositide-regulated cy-
toplasmic functions has been gained by identifying phos-
phoinositide-effector proteins. Phosphoinositide-regu-
lated nuclear functions however are fewer and less clear.
To address this, we established a proteomic method
based on neomycin extraction of intact nuclei to enrich for
nuclear phosphoinositide-effector proteins. We identified
168 proteins harboring phosphoinositide-binding do-
mains. Although the vast majority of these contained ly-
sine/arginine-rich patches with the following motif, K/R-
(X, = 5_7)-K-X-K/R-K/R, we also identified a smaller subset
of known phosphoinositide-binding proteins containing
pleckstrin homology or plant homeodomain modules.
Proteins with no prior history of phosphoinositide inter-
action were identified, some of which have functional
roles in RNA splicing and processing and chromatin as-
sembly. The remaining proteins represent potentially
other novel nuclear phosphoinositide-effector proteins
and as such strengthen our appreciation of phosphoi-
nositide-regulated nuclear functions. DNA topology was
exemplar among these: Biochemical assays validated our
proteomic data supporting a direct interaction between
phosphatidylinositol 4,5-bisphosphate and DNA Topoi-
somerase lla. In addition, a subset of neomycin extracted
proteins were further validated as phosphatidyl 4,5-
bisphosphate-interacting proteins by quantitative lipid
pull downs. In summary, data sets such as this serve as a
resource for a global view of phosphoinositide-regulated
nuclear functions. Molecular & Cellular Proteomics 10:
10.1074/mcp.M110.003376, 1-15, 2011.
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Phosphoinositides (Pls)' are lipid second messengers
unique among phospholipids: Their inositol head group is
rapidly phosphorylated by specific lipid kinases yielding seven
distinct biologically relevant phosphatidylinositol derivatives.
The coordinated activities of the Pl-specific kinases and
phosphatases generate Pl profiles, which contribute to down-
stream signaling events regulating a variety of cellular pro-
cesses such as proliferation, cell survival, migration, and ve-
sicular trafficking (1-4). Impairment of Pl metabolism is
associated with cancer as well as neurological and immuno-
logical disorders (5-7). Pls are not only substrates for the
generation of second messengers but are also second mes-
sengers themselves. They have emerged as sensors for spe-
cific PI-binding domains present in a diverse array of proteins:
PH (pleckstrin homology), epsin N-terminal homology, FYVE
(Fab1, YOTB, Vac1, EEA1), Phox homology, PHD (plant ho-
meodomain), PDZ domains as well as unstructured lysine/
arginine-rich patches. These domains display a range of het-
erogeneity in terms of their specificity for the different Pls
(8-10) and recruit target, domain-containing, effector proteins
in a temporal and spatial manner to sites of Pl synthesis at
many cytoplasmic locations (11).

Pls (notably phosphatidylinositol(3)phosphate (Ptdins(3)P),
Ptdins(4)P, PtdIins(5)P, Ptdins(4,5)P,, PtdIns(3,4)P, and
PtdIns(3,4,5)P,) have also been identified within the confines
of the nucleus, together with the enzymes responsible for their
metabolism (12-18). They are regulated independently of the
cytoplasmic Pl pool (19, 20) and have been localized to de-
fined nuclear regions (21-25). Emerging data point to signifi-
cant roles for nuclear Pls. Increases in nuclear Ptdins(5)P
mass levels result in the nuclear localization of the transcrip-

" The abbreviations used are: Pl, phosphoinositides; NLS, nu-
clear localization sequence; PH, pleckstrin homology; PHD, plant
homeodomain; PLC, phospholipase C; PtdIns(3)P, phosphatidyl-
inositol  3-monophosphate;  Ptdins(4)P, phosphatidylinositol
4-monophosphate; PtdIns(5)P, phosphatidylinositol 5-monophos-
phate;  PtdIns(3,4)P,, phosphatidylinositol  3,4-bisphosphate;
PtdIns(3,5)P,, phosphatidylinositol 3,5-bisphosphate; PtdIns(4,5)P,,
phosphatidylinositol 4,5-bisphosphate; PtdIns(3,4,5)P;, phospha-
tidylinositol 3,4,5-trisphosphate; SILAC, stable isotope labelling with
amino acids in cell culture; SPR, surface plasmon resonance; Topo
lla, DNA Topoisomerase lla.
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tion factor inhibitor of growth protein 2 via an interaction
between its PHD domain and the lipid (26, 27). Nuclear
PtdIns(4,5)P, binds to and regulates the activity of the poly(A)
polymerase Star-PAP (nuclear speckle targeted PIPKla regu-
lated-poly(A) polymerase), an enzyme that also binds directly
to the enzyme responsible for the synthesis of PtdIns(4,5)P,,
namely, the Type | Ptdins(4)P 5-kinase (28). The chromatin
remodeling protein BRG1 binds to PtdIns(4,5)P, (29, 30),
whereas other data link nuclear Pls to cell cycle progression
(81, 32), apoptosis via an interaction between nucleophosmin
and PtdIns(3,4,5)P; (33), and pre-mRNA processing via inter-
action of nuclear speckle pools of PtdIns(4,5)P, (22-25). Nu-
clear speckles are enriched in small nuclear ribonucleopro-
teins (snRNPs) and splicing factors (34) and constituent
proteins that have been identified as PtdIns(4,5)P, effector
proteins, such as Syntenin-2 (35). These authors suggest that
this interaction sequesters PtdIns(4,5)P, to these nuclear
structures. Furthermore the mRNA export factor Aly binds to
both PtdIns(4,5)P, and PtdIns(3,4,5)P,, an interaction essen-
tial for its localization to nuclear speckles (36).

Together these data point to a diverse set of nuclear activ-
ities regulated, in part, by the presence of Pls within this
organelle. The global significance of nuclear Pl-protein inter-
actions however is still poorly understood, due largely to few
known nuclear effector proteins. However in cases where this
has been investigated in detail, it appears that such interac-
tions have profound physiological effects (27-29). The identi-
fication of other nuclear PI effectors is therefore likely to shed
more light on these and importantly other nuclear Pl functions.
To address this we have developed a proteomic approach to
enrich for and identify potential nuclear Pl-binding proteins by
nano liquid chromatography (LC)-tandem MS (MS/MS). We
have used the aminoglycoside neomycin to pull out this sub-
set of proteins from isolated, intact nuclei and combined this
approach with quantitative MS to determine specificity of the
extraction procedure. Lipid affinity matrices were used to
validate, biochemically, our proteomics data on target pro-
teins and bioinformatics clustering analysis of the identified
proteins allowed us to speculate the functional significance of
nuclear Pls on a proteomic scale. Using this principle, we
have identified 349 nuclear proteins, 48% of which harbor PI
binding domains. Clustering analysis of these proteins re-
vealed overrepresented functions related to RNA splicing,
chromatin assembly, and DNA topological change. Further-
more, we have validated this method first by identifying a
subset of proteins displaced by neomycin as PtdIns(4,5)P,
interacting proteins using quantitative lipid pull downs and
second by biochemically characterizing the interaction of
PtdIns(4,5)P, with DNA topoisomerase lla (Topo lla), an en-
zyme with hitherto indirect links with nuclear Pl metabolism.
This proteomics approach provides compelling evidence sug-
gesting that nuclear Pls interact with a wide range of nuclear
proteins regulating numerous nuclear functions.

EXPERIMENTAL PROCEDURES
Reagents

Plasmids—The plasmid encoding GST (glutathione S-transferase)-
tagged plekstrin homology domain of phospholipase Cé1 (GST-
PLC&81-PH) (in pGEX-4T) was obtained from Dr AZ Gray (University of
Dundee, UK) and GST-tagged PH domain of general receptor for
phosphoinositides-1 (GST-GRP1-PH) (in pGEX-4T3) was obtained
from Dr J Hastie (MRC, University of Dundee, UK). EGFP-RGS-6xHis-
Topolla (in pEGFP-C3) was from Dr WT Beck (University of lllinois,
Chicago, USA) (37). GST-Topolla-C-terminal domain (GST-Topolla-
CTD) (aa 1171-1531, in pGEX-6P-1) was obtained from Dr. Susan PC
Cole (Queen’s University at Kingston, Ontario, Canada) (38).

Antibodies—commercial antibodies used were anti-Topo lla (Ab1,
#NA14, Calbiochem, La Jolla, CA), anti-GST (sc-138, Santa Cruz,
Santa Cruz, CA), anti-nucleophosmin (32-5200, Zymed Laboratories
Inc.), and HRP-coupled donkey anti-mouse and anti-rabbit secondary
antibodies (Jackson ImmunoResearch, West Grove, PA). Anti-NF45
and anti-hnRNP DOB (peptide 3) were kind gifts from Dr PN Kao
(Stanford University Medical Center) and Dr M Tolnay (Food and Drug
Administration, Rockville, MD) respectively.

Lipid preparation—Phosphoinositide lipids used for surface plas-
mon resonance (SPR) analysis were purchased from Cell Signals Inc.
L-a-D-myo-phosphatidylinositol (PtdIns), L-a-D-myo-phosphatidylino-
sitol 3-monophosphate (PtdIns3P), L-a-D-myo-phosphatidylinositol
5-monophosphate (PtdIns5P), L-a-D-myo-phosphatidylinositol 3,5-
bisphosphate (PtdIns(3,5)P,), and L-a-D-myo-phosphatidylinositol
4,5-bisphosphate (PtdIns(4,5)P,) were stored as dry aliquots of 0.5
nmoles at —70 °C. For SPR analysis, lipid aliquots were equilibrated
to room temperature, before being rehydrated in 100 wl 10 mm Tris pH
7.4 for 1 h. The solution was sonicated at high frequency for 5 min
(cycles of 15 s ON and 7.5 s OFF) using a Bioruptor UCD200 (Diage-
node, Denville, NJ). Finally, 200 ul 50 mm HCI were added and lipids
were loaded onto an activated gas-liquid chromatography sensor
chip at 30 wl/min for 300 s. Phosphoinositide lipids used in compe-
tition in either lipid pull downs or DNA decatenation assays were short
chain Pls of eight carbons from Echelon Biosciences Inc. (Salt Lake
City, UT).

Protein Purification

Expression and Purification of GST-Tagged Proteins Used in Lipid
Pull Downs— Purification of GST-PLC§,-PH and GST-GRP1-PH was
as described (39) but with some modifications. GST-PLC8-PH and
GST-GRP1-PH constructs were transformed into Escherichia coli
strain BL21 RIL DE3 and bacterial cultures were grown at 37 °C and
induced with 0.5 mm isopropyl-B-D-thiogalactopyranoside (IPTG) for
3 h at 37 °C. Bacterial pellets were resuspended in 50 mm Tris pH 7.5,
1 mm EDTA, 0.27 mm sucrose, 1% Triton X-100, 1 mm NagVO, and 2
mm NaF, including 1 mwm dithiotreitol and complete protease inhibitor
mixture from Roche added fresh, lysed by one round of freeze-
thawing and sonication and debris were removed by centrifugation.
GST-tagged proteins were purified with glutathione-agarose 4B
beads from an overnight pull down, and analyzed by SDS-PAGE and
Coomassie staining for purity.

Expression and Purification of GST-Tagged Proteins Used in SPR
Analyses—A glycerol stock of E. coli DH5« cells transformed with the
corresponding GST-protein construct was used to inoculate 10 ml LB
supplemented with 100 pg/ml ampicillin. The culture was grown
overnight at 37 °C with shaking. Cells were diluted 10-fold and grown
for another 2 h at 37 °C and induced with 100 um isopropyl-B-b-
thiogalactopyranoside at 25 °C overnight. Cells were collected by
centrifugation at 4000 rpm for 15 min and lysed into 2 ml ice-cold lysis
buffer (PBS, 1% Triton X-100, and 10 mm dithiotreitol). The lysate was
frozen in liquid nitrogen, thawed at 37 °C and sonicated using a

10.1074/mcp.M110.003376-2

Molecular & Cellular Proteomics 10.2



Nuclear Ptdins(4,5)P, Interactome

A B
NH, Pull down o
HO;& v ~\OVNJHZ'°” T oy &Q
HO" Y QO O N QL Q"R 9
ﬁﬁb‘ﬁ Sy o Input S Q v‘? rb\? “9‘? &
e N o e = —  PLCS5PH
C 250 -+ neomycin D
138~ £ <Topo lla
g~ = B - +  neomycin
64 = Topo lla
50
— <NF45 ~ NF45
= <«NPM e
36 p— - NPM
= <H1
- = S | \RNP DOB
22
16

Fic. 1. Neomycin extraction of nuclear proteins. A, Molecular structure of neomycin, a polybasic molecule with 6 amino groups. B, 2 g
GST-PLC6 PH was incubated with PtdIns(4,5)P,-conjugated beads in the absence or presence of 20 uMm free lipids or 5 mm neomycin. Eluates
were analyzed by Western blotting using an anti-GST antibody. C, Isolated Jurkat nuclei (107) were washed and incubated in the absence (—)
and presence (+) of 5 mm neomycin, releasing several specific proteins into the supernatant. These proteins were separated by SDS-PAGE
and a few proteins, released by neomycin, were identified by nanoLC MSMS as Topo lla, NF45, nucleophosmin (NPM) and Histone H1 (H1).
See also Supplemental Fig. S1. D, Control (—) and neomycin (+) supernatants were analyzed by Western blotting for Topo lla, NPM, NF45 and

hnRNP DOB as a loading control.

Bioruptor UCD200 (Diagenode). The lysate was cleared by centrifuga-
tion at 4 °C and the supernatant was mixed with 50 ul packed glutathi-
one Sepharose 4B beads (GE Healthcare), previously equilibrated in
lysis buffer. The mixture was rotated at 4 °C for 1.5 h, the beads were
collected by centrifugation and washed three times with lysis buffer
followed by two washes with wash buffer (50 mm Tris pH 8.0 and 300
mm NaCl). Proteins were eluted with 240 ul elution buffer (wash buffer
supplemented with 10 mm reduced glutathione and 10 mwm dithiotreitol).
Aliquots were snap frozen in liquid nitrogen and kept at —70 °C.

Purification of His-Topo lla—COS-1 cells were transfected with
EGFP-RGS-6xHis-Topolla plasmid and lysed with buffer A (50 mm
NaH,PO, pH 8, 300 mm NaCl, 0.5% Tween 20, including 20 mm
imidazole and protease inhibitors) with one freeze-thaw cycle. Cell
extracts were incubated with Ni-NTA agarose beads for 16 h at 4 °C
on a rotator. Sedimented beads were washed five times with buffer B
(same as buffer A but with 0.1% Tween 20) and Topo lla was eluted
with buffer B including 250 mm imidazole). Topo lla was identified by
MS and detected by Western immunoblotting.

Cell Preparation

Cell Culture and SILAC (Stable Isotope Labeling with Amino Acids
in Cell Culture) Labeling— Jurkat cells were grown in RPMI 1640 and
10% FCS and MEL cells in Dulbecco modified Eagle medium (DMEM)
and 10% FCS in 5% CO, at 37 °C. For isotopic metabolic labeling,
MEL cells were transferred to DMEM (minus lysine and arginine)
supplemented with 10% dialyzed fetal bovine serum with either '2C
L-arginine and '2C L-lysine (light medium) or '*C r-arginine and '*C
L-lysine (heavy medium) and subcultured for at least 10 population
doublings that ensured complete incorporation of isotopic amino
acids.

Nuclear Fractionation and Neomycin Extraction—Intact nuclei were
prepared as described previously (32, 40) in the absence of Triton
X-100. An equivalent number of nuclei (10° nuclei per 100 ul) were
washed twice with retention buffer (20 mm Tris pH7.5, 70 mm NaCl, 20
mwm KClI, 5 mm MgCl,, and 3 mm CaCl,) (41) and incubated in the same
buffer in the absence (control) or presence of 5 mm neomycin (trisul-
fate salt, Sigma) for 30 min at room temperature. Nuclei were sedi-
mented by centrifugation at 13,000 rpm for 5 min and supernatants
were collected and used in Western analyses or in quantitative pro-
teomic analyses. For quantitative proteomic analyses (Fig. 2), nuclei
obtained from '2C-labeled cells were incubated with neomycin
whereas nuclei obtained from '3C-labeled cells were incubated with
retention buffer only (2.5 X 108 cells were used per condition).

Western immunoblotting: Proteins were resolved on 4%-12%
NuPAGE Novex Bis-Tris gels with MOPS running buffer (Invitrogen)
and transferred to nitrocellulose membranes. Membranes were
blocked with 5% nonfat milk, incubated with primary antibodies over-
night at 4 °C and with secondary antibodies conjugated to HRP for
1 h at room temperature. Revelation was performed by chemilumi-
nescence using the SuperSignal West Pico Chemiluminescent Sub-
strate (Pierce) and scanned with a LAS-3000 imaging system (Fuji).

Multi fractionation of proteins: Nuclear supernatants were dried
down by vacuum centrifugation and resuspended in 200 ul of 6 M
urea and 1% acetic acid. Proteins were separated by high perform-
ance liquid chromatography (HPLC) on a macroporous C18 reverse
phase column (Agilent Technologies) with a 30 min multistep gradient
elution of buffer A (2% acetonitrile, 0.1% trifluoroacetic acid) to buffer
B (95% acetonitrile, 0.08% trifluoroacetic acid) at 300 wl/min. Eight
fractions were collected, dried down, and resuspended in SDS sam-
ple buffer before separation by SDS-PAGE.
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Protein-Pl Interaction Analyses—Lipid pull downs: Purified-recom-
binant GST-tagged proteins (2 png for GST-PLC81-PH and GST-
GRP1-PH) or EGFP-His-Topo ll« full length (5 ng) were diluted in 400
wul of binding buffer (20 mm HEPES pH 7.5, 200 mm NaCl, 5 mm EDTA,
0.1% Nonidet P-40, 5 mm B-glycerophosphate, 1 mm orthovanadate
and 2 mM NaF) with 20 ul Pl-conjugated agarose beads or control
agarose beads (Echelon Biosciences Inc) for 1 h at 4 °C. Sedimented
beads were washed twice with the same buffer and proteins were
eluted and resolved by SDS-PAGE. For competition studies with free
lipids, short chain C8 PtdIns(4,5)P, was incubated with recombinant
proteins for 15 min on ice prior to the addition of the lipid beads. For
lipid pull down assays of control and neomycin supernatants, three
rounds of dialysis in binding buffer using Slide-A-Lyser® Mini dialysis
units (Pierce) was carried out. For the quantitative lipid pull downs,
dialyzed neomycin extracts (750 ug) obtained from either '2C-labeled
cells or '®C-labeled cells were incubated with control-conjugated
beads and PtdIns(4,5)P,-conjugated beads respectively.

Surface Plasmon Resonance (SPR)—A ProteOn XPR36 (BioRad)
was used for SPR analysis. To prepare hydrophobic SPR sensor
chips, undecylamine (C,,H,5N) was covalently coupled to a GLC
sensor chip (BioRad) using a three-step amine coupling procedure in
PBS running buffer at 25 °C. After cleaning the sensor surface with
two horizontal and two vertical injections of 0.5% 3-[(3-cholamido-
propyl)dimethylammonio]-1-propanesulfonic acid (CHAPS) at 100 wl/
min for 36 s, a freshly mixed solution of 50 mm sulfo-NHS and 200 mm
EDC was injected at 30 ul/min for 360 s. Undecylamine (Sigma
Aldrich) was prepared for immobilization by making up a 1% solution
in dimethyl sulfoxide, which was then diluted 20-fold in 10 mmM sodium
acetate pH 5.0 and injected at 30 ul/min for 400 s in the second step
of the immobilization procedure. One molar ethanolamine hydrochlo-
ride pH 8.5 injected at 30 wl/min for 360 s was used to deactivate
excess activated carboxylic groups and to remove electrostatically
bound undecylamine.

After the sensor surface was preconditioned with two injections of
50 mm NaOH at 100 wl/min for 36 s, phosphoinositide lipids were
injected onto the activated GLC sensor chip surface at 30 ul/min for
300 s at 25 °C. If necessary this step was repeated until the desired
lipid loading level was obtained. The ligand sensor surface was post-
conditioned with one injection of 1 M NaCl and two injections of 50 mm
NaOH at 100 pl/min for 18 s.

The running buffer used for analyte injections was PBS. Recombi-
nant GST-tagged proteins were diluted in PBS. All analyte injections
were performed at a flow rate of 50 ul/min and 25 °C sensor chip
temperature. Association of proteins to phosphoinositide lipids was
measured for 140 s, whereas dissociation was measured for 280 s. To
avoid protein degradation, the autosampler temperature was main-
tained at 4 °C for the duration of analyte analysis. Following each
analyte injection, the sensor chip surface was regenerated with one
pulse of 1 m NaCl and two pulses of 50 mm NaOH at 100 wl/min for
18 s.

Measurements of protein binding to phosphoinositides were refer-
enced by subtracting the binding response generated in the reference
Ptdins channel employing ProteOn manager software (BioRad).

Topo lla Activity Assay

DNA Decatenation Assay— Purified Topo lla (TopoGEN, Inc, Port
Orange, FL) (1 U per reaction) was incubated on ice in the absence (—)
or presence of the indicated Pls (all C8 from Echelon) for 15 min prior
to the addition of 200 ng of kinetoplast DNA (kDNA, TopoGEN),
followed by the incubation of the samples for 30 min at 37 °C,
according to the manufacturer’s instructions (TopoGEN). The sam-
ples were resolved by agarose electrophoresis. Unprocessed kDNA
remains in the wells, whereas decatenated KDNA migrates through
the agarose gel.

Proteomics Sample Preparation

Protein Digestion— Proteins were separated by SDS-PAGE and the
coomassie stained gel lanes were cut into 16-20 sections. Each gel
section was cut into 2 mm cubes and washed sequentially with water,
100% acetonitrile, 100 mm ammonium bicarbonate and acetonitrile.
Proteins were then reduced with 10 mm dithiotreitol in 100 mm am-
monium bicarbonate for 45 min at 56 °C and then alkylated with 50
mwm iodoacetamide in 100 mm ammonium bicarbonate for 45 min at
room temperature. The gel pieces were then washed with 100 mm
ammonium bicarbonate and finally with acetonitrile prior to drying
under vacuum. The gel pieces were rehydrated in 6 ug/ml trypsin
(Promega, Madison, WI) in 100 mm ammonium bicarbonate and in-
cubated at 37 °C for 16 h.

Peptide separation, mass spectrometry and database analysis:
Digested peptide mixtures were subjected to LC-MS/MS performed
using QToF (Ultima Global, Waters, Denver, CO) or LTQ-Orbitrap XL
(ThermoScientific) mass spectrometers.

The QTof was operated in positive ion mode and equipped with a
Z-spray nano-ESI source and coupled to an LC Packings Ultimate
3000 nano-HPLC system using a ten port, zero dead volume valve
(Valco vici) enabling fast sample loading onto a precolumn cartridge
(LC Packings C18 PepMap 100 5 um 100 A 300 pwmID X 5 mm). An
isocratic flow rate of 30 ul/min of solvent A was delivered by the
loading pump. The composition of the solvents A and B was 0.1%
(v/v) formic acid in 5% (v/v) acetonitrile or 90% (v/v) acetonitrile
respectively. After washing of the pre-column, the ten-port valve was
switched allowing delivery of a biphasic acetonitrile gradient at 300
nl/min onto the analytical column (Reprosil-Pur 3.5 um C18 resin
Dr.Maisch Gmbh, Germany packed in aina 15 cm X 75 um ID fused
silica capillary) by back flushing the precolumn. The gradient compo-
sition was 5%B to 80%B over 35 min followed by 10 min at 100%B.
The QToF was operated in Data Directed Aquisition mode using a 1s
MS survey scan. Collision-induced dissociation spectrum acquisition
was allowed for up to a total of 2 s on each precursor ion or stopped
when the signal intensity fell below ten counts per second respec-
tively before a new MS to MS/MS cycle was started. Fused silica
capillaries with 20 um inner diameter served as spray emitters. Pre-
cursors were excluded from MS/MS experiments for 1 min and singly
charged ions were excluded as precursors for MS/MS. Raw data
were processed using MassLynx 4.0 ProteinLynx and the MS/MS
data exported in Micromass pkl format.

The LTQ-Orbitrap XL was coupled to a Ultimate 3000 nano-HPLC
system (Dionex, Sunnyvale, CA) fitted with an Acclaim PepMap 100
column (C18, 3 um, 100 A) (Dionex, Sunnyvale, CA) with a capillary of
12 cm bed length. A flow rate of 300 nl/min was employed with a
solvent gradient of 7% B to 35% B in 77 min and subsequently to
50% B in 10 min. Solvent A was 0.1% formic acid, whereas aqueous
90% acetonitrile in 0.1% formic acid was used as solvent B. The
mass spectrometer was operated in the data-dependent mode to
automatically switch between Orbitrap-MS and LTQ-MS/MS acqui-
sition. Survey full scan MS spectra (from m/z 300 to 2000) were
acquired in the Orbitrap with resolution r = 60,000 at m/z 400 (after
accumulation to a target of 1,000,000 charges in the LTQ). The
method used allowed sequential isolation of the most intense ions, up
to six, depending on signal intensity, for fragmentation on the linear
ion trap using collision-induced dissociation at a target value of
100,000 charges. For accurate mass measurements the lock mass
option was enabled in MS mode and the polydimethylcyclosiloxane
ions generated in the electrospray process from ambient air were
used for internal recalibration during the analysis. Target ions already
selected for MS/MS were dynamically excluded for 60 s. General
mass spectrometry conditions were: electrospray voltage, 1.5 kV; no
sheath and auxiliary gas flow. lon selection threshold was 500 counts
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for MS/MS, and an activation Q-value of 0.25 and activation time of
30 ms were also applied for MS/MS.

Raw files were processed to generate mascot generic files using
the program DTASupercharge v.1.29 and merged with MGM com-
biner to obtain one mdf file per gel lane.

Computational Analyses

Database Search—The resulting pkl files (International Protein In-
dex) (Q-ToF) and mdf files (LTQ-orbitrap) were searched against the
IPI mouse database v3.46 (55272 entries) using the Mascot search
engine version 2.1.04. Possible structure modifications allowed were
carbamidomethyl cysteine as a fixed modification. Oxidized methio-
nine, deamidation of Asn and GiIn, ">C(6) Lys and Arg were searched
as variable modifications. Searches were done with tryptic specificity
allowing up to 1 miscleavage and a tolerance on mass measurement
of 75 ppm in MS mode and 0.4 Da for MS/MS ions (Q-ToF), and 7
ppm in MS mode and 0.4 Da for MS/MS ions (LTQ-orbitrap). Only
peptide identifications with a p value <0.05 and with ion scores over
42 (as determined by Mascot), and protein identifications based on no
less than two peptides were used further. The false discovery rate
was 0.082% using a reversed database under the same conditions.

Protein Quantitation— Protein quantitation was achieved using the
MSQuant software v1.4.2a23 (http://msquant.sourceforge.net/), us-
ing raw data files together with the corresponding HTML result files
generated with Mascot. Peptide ratios were calculated for each
arginine- and/or lysine-containing peptide as the peak intensity of
13C labeled arginine/lysine divided by the peak intensity of nonla-
beled '2C arginine/lysine (3C/'2C) for each single-scan mass spec-
trum. Peptide ratios obtained for each protein were averaged and
the standard deviation determined. Only proteins identified with
LOG2 ratios <- 0.5 (Fig. 2) and LOG2 ratios > 0.5 (Fig. 4) were kept.
The results were exported to Excel for further analysis. Statistical
analyses were performed with StatQuant (42) for the quantitative
lipid pull down.

Bioinformatic Analyses— Searches for K/R motifs: the IPl accession
numbers were extracted and submitted to the Sequence Retrieval
System (SRS) (http://srs.ebi.ac.uk/) and the corresponding fasta for-
mat sequences were retrieved. The fasta formatted sequences file
was then parsed by an in-house script (using Python 2.5.2 (3)) to find
occurrences of the following pattern K/R-X,3_7-K-X-K/R-K/R.

For the biological networks analyses, the identified IPI entries were
first reassigned to gene entries (EntrezGene ID) annotated in the
EnsEMBL database using Biomart (www.ensembl.org) (43). Gene
Ontology (GO) identifiers were assigned to each IPI/gene entry and
overrepresentation of GO categories were statistically analyzed
using Cytoscape 2.6.1 and its plug-in BINGO 2.0 (Biological Net-
works Gene Ontology tool) (44) by comparing the GO annotations
obtained in our dataset to those of the mouse genome restricted to
entries annotated to the nucleus compartment (GO :0005634). The
representation for each GO category was calculated as the ratio
between the cluster (neomycin dataset) frequency and the reference
dataset (murine nucleome) frequency, the frequency being the percent-
age of gene entries in a particular GO term category compared with the
respective total number of entries. These analyses were performed for
both Biological processes and Molecular functions. The significance of
overrepresented GO categories was assessed with a hypergeometric
test and the Benjamini and Hochberg false discovery rate correction. A
corrected p value < 0.05 was considered significant and only signifi-
cantly overrepresented GO categories are presented (Fig. 3).

The functional classification of PtdIns(4,5)P, interacting proteins
and the over-representation of their biological processes presented in
Fig. 2 were performed using PANTHER classification system/gene
expression analysis (http://www.pantherdb.org/tools/genexAnalysis.
jsp) (45, 46).

RESULTS

Extraction of Potential Nuclear PI-Binding Proteins with Ne-
omycin—Neomycin (Fig. 1A) is known to bind to Pls with high
affinity by way of electrostatic interactions between the basic
amino groups of the compound and the negatively charged
phosphate groups of Pls (47-50). Proteins that bind to Pls do
so via similar interactions involving basic residues found in
their Pl-binding domains (9, 51). We speculated therefore
that neomycin should compete for Pl binding with Pl-bind-
ing proteins, displacing them from their site of interaction.
To establish if neomycin can displace Pl bound proteins,
immobilized PtdIns(4,5)P, affinity beads were incubated with
GST-tagged PH domain of PLC 81 (Fig. 1B). In the absence of
any competing lipids GST-PLC81-PH bound efficiently to
PtdIns(4,5)P, affinity beads. However, in the presence of free
PtdIns(4,5)P, and the water soluble head group, Ins(1,4,5)P5,
this interaction was completely abolished. PtdIns(3,4)P, was
unable to compete for binding whereas only partial binding
was observed in the presence of PtdIns(3,5)P, demonstrating
specificity for PtdIns(4,5)P,. Importantly, in the presence of
neomycin the binding of GST-PLC81-PH domain was signif-
icantly reduced. These data demonstrate that neomycin can
compete with characterized Pl binding domains for binding to
their target lipids. We extended these findings to isolated
intact nuclei preparations. Supernatants recovered from nu-
clei incubated in the absence or presence of neomycin
showed marked differences in their protein composition, as
assessed by Coomassie blue staining (Fig. 1C). Protein bands
were visible in control (no neomycin) supernatants, presum-
ably as a result of nonspecific extraction or leakage. In con-
trast many more protein bands were visible from supernatants
obtained following neomycin incubation. These differences in
protein extraction were the same even when nuclei were
prepared in the presence of 0.1% Triton X-100 (Supple-
mental Fig. S1), suggesting that the majority of these pro-
teins are not extractable by detergent and derive from within
the nuclear matrix. MS was used to identify prominent pro-
teins specific for the neomycin extract (Topo lla, NF45,
nucleophosmin and histone H1; Fig. 1C), which were vali-
dated by Western immunoblot analyses (Fig. 1D). In con-
trast nonspecific proteins, such as the heterogeneous nu-
clear ribonucleoprotein (hnRNP) DOB, were equally present
in supernatants obtained from nuclei incubation with or
without neomycin.

Identification of Neomycin-Displaced Nuclear Proteins—To
establish a substantial inventory of proteins that are specifi-
cally displaced from intact nuclei by neomycin, we have com-
bined a SILAC-based quantitative proteomic approach with
our extraction procedure. The workflow is outlined in Fig. 2A.
An equal number of isolated nuclei from '2C and '3C labeled
cells were extracted with neomycin and buffer respectively.
The supernatants were combined at equal protein concentra-
tion and the protein complexity of the sample reduced by an
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screening of nuclear proteins dis- + neomycin - neomycin ELILFSNSDNER 75 0.025
placed by neomycin. A, Cell popula- HVDYVADQIVSK 74 0.052
tions were metabolically labeled using * IFDEILVNAADNK 67 0.04
SILAC to allow discrimination based on Mix 1:1 IKSENVEGTPAEDGAEPGSLR 54 0.147
different peptide masses. The *C K/R- lC18 HPLC IMIMTDQDQDGSHIK 42 0.048
labeled nuclei were incubated with con- 12 34 5 67 8MW KYDTVLDILR 59 0.022
trol nuclear retention buffer, whereas the LLDGEEPLPMLPSYK 50 0.026
2C K/R-labeled nuclei were incubated — QIMENAEINNIIK 72 0.036
with 5 mM neomycin and proteins dis- — SENVEGTPAEDGAEPGSLR 74 0.04
placed out of nuclei were collected. Pro- — SFGSTCOLSEK 61 0.149
teins from those parallel incubations .... TLAVSGLGVVGR 72 0.053
were combined with equal concentra- o TPSLITDYR 50 0.132
tion, fractionated on a macroporous C18 i = YDTVLDILR 49 0.075
RP column, separated on one-dimen-
sional SDS-PAGE, sliced and digested Trypsin digestion of gel slices C
with trypsin. Peptides were analyzed by 100 e 3 Da
LC-MS/MS and |sqtppe rgtlos for each LC-MS/MS e e arae
peptide were quantified using MSQuant. 3
See Table S1 for the identified proteins. o . 5 0.025
B, Peptides identified and quantified for Quantitation of ratios E
Topo ll« listing their respective Mascot C13/C12 é)
score and '3C/'2C ratio. C, Example for oI 72033483202550 I A
the first peptide (ELILFSNSDNER), dou- Identification of 349 proteins = M
bly charged, which is about 40 times displaced by neomycin m/z

more abundant in the light form than in

the heavy form. D, Protein classification D
according to their Log2 '®C/'2C ratios:

100
144 %|O0g2>05 -
W-0.5<log2<0.5

18.7 % with = 1 Pl motif

proteins with Log2 > 0.5 (displaced by
buffer, 64 proteins), Log2 < —0.5 (dis-
placed by neomycin, 349 proteins) and

x 2.56

proteins with —0.5 < Log2 < 0.5 (equally
displaced by buffer and neomycin, 30

% proteins
w
o

78.8 %|0Olog2<-0.5

48.1 % with = 1 Pl motif

proteins).

initial round of fractionation using macroporous C18 reverse
phase LC. Resulting fractions were further separated by one-
dimensional-PAGE. Using this approach we were able to pro-
vide a more in depth analysis of the protein content of these
samples. Each of the gel lanes were sliced into 16-22 frac-
tions and the proteins within each gel section digested by
trypsin. The extracted peptides were analyzed by nano LC-
MS/MS and quantified with MSQuant. All proteins with de-
creased '3C/"2C ratios were considered to be specific for the
neomycin extract and 349 proteins were found to be specif-
ically displaced by neomycin (Supplemental Table S1). The
average for the ratios of all 349 proteins was 0.16 = 0.15,
demonstrating a clear validation for the neomycin extraction
of these proteins. An example is shown for Topo lla, which
was identified by 13 peptides with a mean ratio of 0.065 *
0.046 (Fig. 2B). The raw data used in MSQuant for one of
these peptides is shown in Fig. 2C.

We predicted that some of the neomycin specific proteins
would be candidate Pl-binding proteins, either via direct or
indirect binding, and a bioinformatics approach was used to
search for the presence of known Pl binding domains. Seven

proteins were found to harbor PHD or PH domains (dy-
namin-2, Bruton’s tyrosine kinase (BTK), PHD finger protein 8
(Phf8), the E3 ubiquitin ligase UHRF1, FbxI11 (or 133 kDa
protein), Src kinase associated phosphoprotein 2 (Skap2) and
Rho/Rac guanine exchange factor 2 (ArhGEF2)), whereas 165
proteins, contained at least one K/R-rich motif (K/R-
(X, — 5_7)-K-X-K/R-K/R), known to bind PtdIns(4,5)P, in sev-
eral effector proteins (52) (Supplemental Table S1). Overall,
48% of all proteins displaced by neomycin displayed a K/R
motif. In comparison, 18.7% of the proteins displaced by
buffer alone contained such motifs (Fig. 2D). In addition,
30.2% of all known proteins that are annotated to the nucleus
contain K/R motifs. The use of neomycin achieved therefore a
1.6-fold enrichment of proteins containing a K/R motif.
Functional Characterization of Neomycin-Displaced Pro-
teins—To have some functional insight of our data, each of
the 349 neomycin specific proteins was annotated by a Gene
Ontology (GO) database for biological processes and molec-
ular functions. The over-representation of each GO category
was determined using Cytoscape and its Plug-in BiINGO, in
the context of GO categories annotated to the nuclear com-
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Fic. 3. GO functional analysis for overrepresented biological
processes and molecular functions. Statistically significant over-
represented GO categories for both biological processes (A) and
molecular functions (B), as a result of the comparison of the neomy-
cin-extracted protein dataset to the murine nucleome reference data
set. Each GO category is represented as the ratio between % neo-
mycin (= % of annotated proteins of the whole neomycin set) and %
nucleome (= % of annotated proteins of the whole nucleome) and are
visualized as black bars (complete list). The gray bars represent the
statistically significant overrepresented GO categories when the same
analysis was done but with only proteins containing K/R motifs, PH
and PHD domains as the test dataset (proteins with Pl domain). See
Supplemental Figs. S2 and S3 for a visualization as hierarchy
networks.

partment. Categories that were significantly over-represented
statistically are shown in Figs. 3A and 3B (p < 0.05). These
categories are also visualized as interaction networks and
appear in downstream nodes in Supplemental Figs. S2
and S3. The GO categories, DNA topological change (repre-
sented by DNA topoisomerases) and nucleosome positioning
(represented by histones) are particularly over-represented in
the neomycin dataset (Fig. 3A). Several categories in molec-
ular functions were also over-represented (Fig. 3B) and may
represent functions attributed to PI effector proteins. We per-
formed the same analyses, but on the subset of proteins
containing Pl-binding motifs, which resulted in the discovery
of several common categories with the whole list (shown as

gray bars in Figs. 3A and 3B and also visualized as blue circles
in GO hierarchy networks in Supplemental Figs. S2 and S3).
The proteins present in these categories are listed in
Supplemental Tables S2 and S3. mRNA processing and es-
pecially RNA splicing, as well as chromatin assembly, were
found to be significantly overrepresented, consistent with
other data (24, 28, 53). The GO category, DNA topological
change, was highlighted in our analysis and to our knowledge
proteins listed in this category have not so far been reported
to bind to Pls.

Identification of PtdIns(4,5)P,-Interacting Proteins from Ne-
omycin Extracts—OQur previous data suggests that within the
neomycin extracted proteins exits a subset of proteins that
bind directly to Pls, in particular PtdIns(4,5)P,. Quantitative
lipid pull-down experiments were run to identify specific
PtdIns(4,5)P,-interacting proteins from neomycin superna-
tants (Fig. 4A). Neomycin supernatants obtained from either
2C and "3C-labeled cells were incubated with control beads
(beads conjugated to the fatty acid moieties only) or
PtdIns(4,5)P,-conjugated beads respectively. Quantitative
and statistical analyses revealed the identification of a total of
70 proteins, of which 28 proteins, annotated to the nucleus
compartment, were specifically pulled down by Ptdins(4,5)P,
beads. These proteins are listed in Table I. Nineteen of these
harbor a K/R motif that represented a twofold enrichment of
Ptdins(4,5)P, interacting proteins containing such motifs
compared with noninteracting proteins (Fig. 4B). Functional
classification of these proteins pointed to roles in mMRNA
transcription regulation, mRNA splicing and protein folding
(Fig. 4C), the last two categories being over-represented (Fig.
2D) in this dataset.

Topo lla Associates with Ptdins(4,5)P,—Although previous
studies indicated a potential link between the Pl pathway and
the regulation of Topo lla activity (54), no data exists to
suggest that an interaction between Topo lla with Pls exists.
To demonstrate an interaction between Topo lle and Pls,
neomycin supernatants were dialyzed (removing neomycin)
and incubated with control beads or beads conjugated with
either PtdIns(4,5)P, or PtdIns(3,4,5)P; (Fig. 5A). Proteins
bound to lipid beads were eluted and resolved by SDS-PAGE.
A positive band for Topo lla by Western blotting showed the
interaction with PtdIns(4.5)P,-conjugated beads, whereas
binding to PtdIns(3,4,5)P5-conjugated beads was marginally
greater than control beads (Fig 5A). These data demonstrated
specificity for binding to PtdIns(4,5)P,. As a control, specific
interactions with PtdIns(4.5)P, or PtdIns(3,4,5)P; beads were
demonstrated by lipid pull-down assays of known proteins
harboring PH domains interacting specifically with either
Ptdins(4,5)P, or PtdIns(3,4,5)P;, i.e. PLC5-PH and GRP1-PH
respectively (Fig 5B). The same analysis was performed with
purified Topo lla. In this case, Topo lla specifically bound to
PtdIns(4,5)P, whereas binding to PtdIns(3,4,5)P; was at con-
trol level (Fig 5C). We also investigated the ability of free Pls to
compete with PtdIns(4,5)P,-beads for binding to purified
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Fic. 4. Quantitative and functional analysis of PtdIns(4,5)P, pulled down proteins from neomycin extracts. A, Workflow of the
quantitative pull-down strategy. '°C K/R-labeled and '2C K/R-labeled nuclei were incubated with 5 mm neomycin. Displaced proteins were
pulled down at equal concentration with control beads (*2C) or PtdIns(4,5)P,-conjugated beads ('3C). Proteins in mixed eluates were resolved
by SDS-PAGE, Coomassie stained and trypsin digested. Peptides were analyzed by LC-MS/MS and '3C/'2C ratios were quantified using
MSQuant and statistics were determined with StatQuant (42). Seventy proteins with at least two peptides and with significant (p < 0.05) Log2
18C/12 C ratios were retained for further analysis. Log2 > 0.5 represent proteins specifically pulled down by PtdIns(4,5)P,-beads (listed in Table
I). B, Protein classification according to their Log2 values: proteins with Log2 < —0.5 (binding to control beads, 26 proteins), Log2 > 0.5
(binding to PtdIns(4,5)P,, 34 proteins) and proteins with —0.5 < Log2 < 0.5 (equal interaction with either control or Pl beads, 10 proteins).
C, Functional classification of PtdIns(4,5)P,-interacting proteins according to their biological process. D, Overrepresented biological pro-
cesses for the PtdIns(4,5)P,-interacting proteins compared with all proteins annotated to the nucleus compartment (p values: *** p < 0.001).

Topo ll« (Fig. 5D). PtdIns(4,5)P, competed for binding of Topo
lla to PtdIns(4,5)P, beads in a dose dependent manner.
Examination of the Topo lla protein sequence highlighted
the presence of 7 K/R motifs, all located in the regulatory
C-terminal domain (CTD). Sequence alignment of these motifs
are shown with other known PtdIns(4,5)P, binding proteins
with the same K/R motif, such as gelsolin (55), cofilin (56), villin
(57), and myristoylated alanine-rich protein kinase C substrate
(58) (Supplemental Table S4). To further determine if Topo ll«
could interact with Pls, GST fused Topo lla-CTD protein was
purified and used for analysis by SPR (Fig. 5E). GST-proteins
with known PI binding affinities were used to validate the
assay: The PH domain from PLC&1 interacted with
PtdIns(4,5)P,, the 2xFYVE domain interacted with PtdIins(3)P
and the PHD finger from ING2 interacted with PtdIns(5)P
(Supplemental Fig. S4). GST alone did not interact with any of
the lipids (Fig 5E). GST-Topo Illa-CTD interacted with
Ptdins(4,5)P, and Ptdins(5)P (Fig 5E) as well as with
PtdIns(3,4,5)P; (data not shown). We attempted to demon-

strate binding of Topo lla to liposomes consisting of Pls and
phosphatidylcholine in a ratio of 1 to 100. Although we were
able to demonstrate interaction of liposomes with the previously
characterized PI binding proteins (PH-PLC481, 2xFYVE and PH-
GRP1), no interaction was seen with the Topo lla CTD domain
or the 2xING2 PHD finger. Why the CTD and PHD finger should
only recognize Pls when presented on their own is not clear but
may be because of several factors: the properties of the lipids or
vesicles used in the assay or the use of isolated domain instead
of the full length protein. In addition, it may also be related to the
fact that nuclear proteins may not be suited to interacting with
Pls in the context of a membrane as this is unlikely to be the
physico-chemical nature of Pls in the nucleus.

The ability of Pls to modulate Topo lla activity in vitro was
assessed by kDNA decatenation assays and visualized by
agarose electrophoresis (Figs. 5F and 5G). In the absence of
the enzyme, the catenated KDNA was restricted from entering
the gel (lane 1), whereas the decatenated kDNA resulted in the
presence of two processed DNA bands in the presence of
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Fic. 5. Topo lla interacts with PtdIns(4,5)P,. A, Control (—) and neomycin (+) dialyzed supernatants were incubated with control beads
(Cont, only DiC6), PtdIns(4,5)P, (P2)- or PtdIns(3,4,5)P; (P3)-conjugated beads (pull down). Five percent input and eluates were analyzed by
Western blotting using an anti- Topo lla antibody. B, GST-PLC8 PH and GST-GRP1-PH were incubated with PtdIns(4,5)P, (P2)- or
Ptdins(3,4,5)P5(P3)-conjugated beads (pull down). Inputs and eluates were analyzed by Western blotting using an anti-GST antibody. C,
EGFP-His-Topo lla was incubated with control beads or PtdIns(4,5)P, (P2)- and PtdIns(3,4,5)P; (P3)-conjugated beads (pull down) (D) or with
PtdIns(4,5)P,-conjugated beads in the presence or absence of free lipids. Inputs and eluates were analyzed by Western blotting using an anti-
Topo lla antibody. E, Analysis of binding of GST-Topolla-CTD (1 uMm) and GST (1 um), using SPR to PtdIns(3)P (light blue), PtdIns(5)P (dark blue),
PtdIns(3,5)P, (green) and PtdIns(4,5)P, (pink). See also Supplemental Fig. S4. F, Topo lla activity determined in the absence (—) or presence
of free Pls (10 um) and apparent in the form of decatenated kDNA (indicated with a filled arrow). G, Quantification of Topo lla activity from 3

independent experiments.

Topo lla (lane 2), as expected. The addition of PtdIns(3)P,
PtdIins(5)P, PtdIns(3,4)P,, PtdIns(3,5)P,, PtdIns(4,5)P,, and
PtdIns(3,4,5)P; dramatically reduced the enzyme activity
whereas the inhibition was less pronounced with PtdIns(4)P
and phosphatidic acid.

DISCUSSION

Emerging data point to significant roles for Pls within the
context of mammalian nuclei (24, 26-29) and identifying ef-
fector proteins for these lipids represents an important first
step in deciphering Pl-regulated nuclear functions. Currently
the most successful methods used to identify effector pro-
teins include the direct affinity purification of Pl-binding pro-
teins using lipid-conjugated beads. A prerequisite for the
successful application of affinity-bead based enrichment pro-
tocols is generating a suitable starting protein extract, i.e. one
that has reduced protein complexity whereas maintaining an

enriched pool of target proteins (Pl-binding proteins in this
case). However, affinity-purifying Pl effector proteins directly
from total nuclear lysates is, at least from a proteomic point of
view, fraught with issues of sample complexity and protein
dynamic range. The overwhelming presence of abundant po-
lybasic proteins present in the total nuclear extract would
exclude or mask the binding of other less abundant bona-fide
PI binding proteins by nonspecifically binding to the Pl con-
jugated beads. Furthermore, because the physico-chemical
nature of the protein-Pl interaction within the nucleus is un-
clear, we cannot rule out that endogenous Pls remain bound
to their effector proteins, thereby competing with the bead-
conjugated PI during lipid pull downs. To address these is-
sues, we used neomycin extraction as a means of both re-
ducing sample complexity and enriching for a pool of
potential Pl-binding proteins devoid of bound PI. Several prior
observations suggested that incubating isolated nuclei in the
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presence of excess neomycin would produce an extract that
is both relatively less complex than a total nuclear lysate and
importantly enriched in Pl-binding proteins whose PI-binding
domain(s) is or are devoid of any endogenous nuclear derived
PI. First, neomycin binds Pls with high affinity and immobi-
lized neomycin has been extensively used to purify Pls from
tissue and cellular lipid extracts (47, 49, 50). Second, neomy-
cin can compete with PtdIns(4,5)P, specific antibodies for
nuclear Ptdins(4,5)P, binding sites in intact cell nuclei (24).
Third, fluorescently labeled neomycin can bind to
PtdIns(4,5)P, and be used to visualize the lipid in model
membrane preparations (59), plasma membrane and nuclear
structures (60). Our nano LC-MS/MS data identified promi-
nent proteins, with apparent specificity for the neomycin ex-
tract, such as histone H1 and nucleophosmin, two proteins
reported to bind Pls (33, 53), substantiating our working hy-
pothesis. Gel-based comparative analysis however is an in-
efficient means of determining specificity and we combined
our neomycin extraction with SILAC labeling of cells (61) to
provide greater sensitivity, throughput and depth of analytical
coverage (62). SILAC is a powerful technique, not only for
quantitative proteomic analyses, but also as a tool for com-
parative experiments assessing specificity. SILAC analysis
allowed the identification of 349 proteins that were specific for
the neomycin extract by our criteria, dramatically increasing
the repertoire of neomycin extracted proteins from our initial
Coomassie blue gel-staining analysis.

The neomycin extracted proteins included those with au-
thentic Pl-binding domains such as dynamin-2 (63) and the
PtdIns(3,4,5)P5 binding protein BTK (63). Using either the
SMART or Pfam software we also identified proteins that, to
our knowledge, have yet to be characterized as PI-binding
proteins but which nevertheless have PHD or PH domains
within their sequence: Phf8, UHRF1, Fbxl11, Skap2 and Arh-
GEF2. By far, the majority of the identified proteins possessed
at least one K/R motif. Histone H1 for example was identified
and has been shown to bind PtdIns(4,5)P, at the C-terminal
domain that contains four K/R-rich motifs (53). All four Histone
H1 variants (a,b,c and d) were identified in neomycin extracts.
K/R motifs are of particular interest here, especially as they
were first described as PtdIns(4,5)P, binding domains for the
actin-binding protein gelsolin (55) and were subsequently ex-
tended to include other cytoskeletal binding proteins, such as
villin and cofilin (56-57). How these cytoskeletal proteins bind
Pls is still unclear. It is not known if these interactions occur
either as a component of a membrane structure or via a pool
of cytosolic PtdIns(4,5)P, distinct from any membrane struc-
tures. This has some similarity within the largely membrane
free nuclear matrix and it is intriguing to speculate that a
similar mechanism of interaction exists for both nuclear-PI
and cytoskeletal-Pl interactions via these K/R motifs, within
the context of a membrane-free environment. The K/R motifs
identified also share some similarities to nuclear localization
sequences (NLS): the bipartite NLS sequence of KR-(Xg_sg)-

KKK and K-K/R-X-K/R for monopartite NLS (65). We cannot
rule out the possibility that some of these motifs may function
as a NLS and have no relevance to nuclear Pl metabolism.
There are however examples of proteins, such as SAP30L and
SAP30, which contain a NLS that has subsequently been
shown to function as a binding motif for monophosphoinositi-
des in the context of DNA binding regulation (64), thereby
setting a precedent for a multifunctional role for these mo-
tifs. Finally the absence of a recognized Pl-binding motif
does not exclude these candidate proteins from being
Pl effectors. Nucleophosmin, for example, binds to
PtdIns(3,4,5)P; via several lysine residues within its C ter-
minus in the absence of any characterized Pl-binding do-
main (33). We identified nucleophosmin in our list highlight-
ing the use of neomycin extraction as a non-biased
approach for extracting nuclear Pl effector proteins.
Cluster analysis of the neomycin specific proteins high-
lighted several biological processes represented by proteins
in these extracts: DNA topology, nucleosome positioning/
assembly and DNA packaging, chromatin assembly/disas-
sembly, mRNA processing/BRNA splicing and proteins in-
volved in ribosomal related functions (Supplemental Table
S2). A growing body of data links nuclear Pl metabolism to
RNA splicing and mRNA processing events via their colocal-
ization to proteins that define nuclear subdomains called nu-
clear speckles (34). These domains consist of interchromatin
granule clusters, are largely devoid of DNA and have been
suggested to be sites for the assembly/storage/modification
of predominantly splicing factors that can be released to sites
of active transcription. These structures contain snRNPs,
mRNA-splicing factors, and a hyperphosphorylated form of
RNA polymerase Il (66). PIPKs and their product Ptdins(4,5)P,
reorganize identically with speckles, both spatially and tem-
porally (23, 24), suggesting direct interaction of PIPKs with
speckle component(s). Several speckle associated proteins
involved in RNA splicing were also identified in our neomycin
extracts; U2 snRNP A’, U4/U6 snRNP Prp4, SF3A1, U2AF65,
DDX5/p68, SPF27, hnRNPQ and Bat1/UAP56. U2 snRNP A’
and U4/U6 snRNP Prp4 proteins bind U2, U4 and U6 snRNAs.
Significantly, U2, U4, and U6 snRNAs were identified in
protein complexes immunoprecipitated using an anti-
PtdIns(4,5)P, antibody (24). Speckles are dynamic structures
that are variable in size and shape and recent proteomic data
suggests that the protein components of these structures are
equally dynamic and include proteins resident in other struc-
tures such as spliceosomes: transcription factors, 3'-end
RNA processing factors and other structural proteins (67).
From this point of view several proteins in our data stand out.
First, CPSF6 (Cleavage and polyadenylation specificity factor
subunit 6 or CPSF 68 kDa) is a subunit of the 3’ pre-mRNA
processing machinery, which also includes CPSF-73, CPSF-
100 and the canonical poly(A) polymerase (PAP) (68). Both
CPSF-73 and CPSF-100 interact directly with the noncanoni-
cal Star-PAP, a protein that is not only regulated by
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PtdIns(4,5)P, (28) but also binds PIPKI«, the kinase respon-
sible for the synthesis of the lipid. Second, we identified the
RNA helicase Bat1/UAP56 that is known to recruit mRNAs to
Aly, a nuclear speckle protein implicated in mMRNA export. Aly
binds to Pls and this interaction localizes Aly to nuclear
speckles (36). Although the physiological role(s) for the pres-
ence of PtdIns(4,5)P, in nuclear speckles is unclear, data
suggest that they may contribute to the regulation of diverse
activities of proteins involved in the processing of RNA: splic-
ing, stabilization by poly(A)adenylation and finally export to
the cytoplasm.

Proteins that control the level of DNA supercoiling and
therefore DNA topology were enriched in the neomycin ex-
tracts. DNA topoisomerases | and lla/B catalyze the passage
of individual DNA strands (Topo I) or double strands (Topo Il)
through one another and contribute to the regulation of rep-
lication, transcription, recombination and chromosome seg-
regation at mitosis (69, 70). Of specific interest here was the
identification of Topo lla. This enzyme, in vitro, is a direct
target for protein kinase C «, B, and vy isoforms with the
serine-29 suggested to be phosphorylated during G2/M
phase of the cell cycle, thereby increasing enzyme activity
(54). There is a large body of evidence that points to these
diacylglycerol (DAG)-dependent protein kinase C isoforms as
regulators of cell cycle progression (71-73) drawing upon a
pool of DAG derived from the hydrolysis of nuclear
PtdIns(4,5)P, (74). Topo lla is also the direct target for the
cancer therapeutic agent, etoposide. In addition to inhibiting
the enzyme activity, etoposide has been shown to induce
changes in nuclear Pl profiles. Treatment of HT1080 cells with
etoposide leads to an increase in the nuclear mass levels of
PtdIns(5)P (27) and subsequent translocation of the transcrip-
tion factor ING2 to the nucleus (26). Etoposide treatment of
Hela cells also leads to the nuclear translocation of a Type |
PtdIns(4,5)P, 4-phosphatase (75), the enzymatic product of
which is PtdIns(5)P. This may contribute to the etoposide
induced increases in PtdIns(5)P levels, in addition perhaps to
the inhibition of a nuclear PidIns(5)P 4-kinase activity (27).
Protein sequence analysis of Topo lla revealed seven K/R
motifs located in the regulatory C-terminal domain, of which
five are well conserved between the human, mouse and rat
proteins. The location of the K/R motifs in the regulatory
domain and our SPR data suggest that PtdIns(4,5)P, may
regulate the activity of Topo lla either directly or as a compo-
nent of large multisubunit protein complexes. Our biochemical
data support a Topo lla/PtdIns(4,5)P,, interaction in a variety of
formats: in (i) lipid pull down experiments using purified Topo
lle, (i) SPR analysis using the CTD of Topo lla and (iii) in vitro
enzyme activity assays suggesting that PtdIns(4,5)P, interacts
with and inhibits Topo ll« activity. This later effect was however
also seen in response to other Pls, suggesting a lack of clear
specificity for one Pl with the observed inhibition. It is not clear
how this reflects the situation in vivo. Because we know little
about the the physico-chemical nature of the nuclear environ-

ment in which these lipids reside, the heterogeneity in binding
we observe may reflect a complex level of regulation involving
the dynamic regulation of more than one pool of nuclear Pls.

We have stated above that it is unlikely that the entire range
of proteins extracted by neomycin represent Pl-binding pro-
teins. Proteins that bind to other negatively charged sites
(DNA and RNA) via basic, lysine and arginine rich motifs are
also likely to be displaced by neomycin. Nevertheless an
assumption is that at least a sub-set of proteins extracted
represent candidate Pl effectors. Neomycin extracted pro-
teins therefore represent an ideal preparation from which to
affinity-purify Pl-effector proteins using specific lipid conju-
gated matrices, avoiding the issues of sample complexity and
dynamic range addressed previously. Probing SILAC labeled
neomycin extracts with PtdIns(4,5)P, conjugated beads re-
sulted in the identification of 28 novel, nuclear PtdIns(4,5)P,-
interacting proteins. More than half of these proteins were
characterized by the presence of K/R motifs and more impor-
tantly, the proportion of proteins presenting such motifs was
twofold increased in PtdIns(4,5)P,-interacting proteins com-
pared with noninteracting proteins, which may suggest a
mode of interaction for Pl binding proteins localized in the
nucleus.

In summary, we have shown that neomycin displaced over
300 proteins from isolated nuclei, and almost half of these
harbor potential Pl binding domains. These PI binding do-
mains were mostly represented by unstructured positively
charged K/R motifs and these motifs may represent predom-
inant interaction sites for nuclear proteins with Pl. Some of
these proteins have been implicated in Pl binding but many
proteins with no previous history of Pl binding were also
identified. Furthermore, cluster analysis for biological func-
tions highlighted several categories such as mRNA process-
ing and splicing, DNA topological changes and chromatin
assembly. To this end our proteomic methods have also
enabled us to identify nuclear Ptdins(4,5)P, interacting pro-
teins that indeed provide an important resource on which to
base future investigations. This work not only represents a
global approach to identifying nuclear Pl-effector proteins, it
also represents a global approach to identify the array of
nuclear functions dependent on nuclear Pl turnover.
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