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Summary

The chromosomal passenger complex (CPC) is a crucial
regulator of chromosome, cytoskeleton and membrane
dynamics during mitosis. Here, using liquid
chromatography coupled to mass spectrometry (LC-MS),
we identified phosphopeptides and phosphoprotein
complexes recognized by a phosphorylation-specific
antibody that labels the CPC. A mitotic phosphorylation
motif {PX[G/T/S][L/M]S(P)P or WGLSP)P} was
identified by MS in 11 proteins, including FZR1 (Cdhl)
and RIC8A - two proteins with potential links to the CPC.
Phosphoprotein complexes contained the known CPC
components INCENP, Aurora-B (Aurkb) and TD-60 (Rcc2,
RCCl1-like), as well as SMAD?2, 14-3-3 proteins, PP2A and
Cdk1 (Cdc2a), a probable kinase for this motif. Protein
sequence analysis identified phosphorylation motifs in
additional proteins, including SMAD2, PLK3 and

INCENP. Mitotic SMAD2 and PLK3 phosphorylation was
confirmed using phosphorylation-specific antibodies, and,
in the case of Plk3, phosphorylation correlated with its
localization to the mitotic apparatus and the midbody. A
mutagenesis approach was used to show that INCENP
phosphorylation is required for its localization to the
midbody. These results provide evidence for a shared
phosphorylation event that regulates localization of crucial
proteins during mitosis.

Supplementary material available online at
http://jcs.biologists.org/cgi/content/full/120/22/4060/DC1

Key words: Phosphorylation, Mitosis, Proteomics, Chromosomal
passenger complex

Introduction
A number of recent studies have focused on identifying the
phosphoproteomes present in whole-cell lysates (Beausoleil et
al., 2004; Stover et al., 2004; Kim et al., 2005; Olsen et al.,
2006) and, although hundreds to thousands of novel
phosphorylation sites have been identified, we still do not have
a complete grasp on the total number of possible
phosphorylation events and their regulation (Steen et al., 2006).
In addition, identification of thousands of phosphorylation sites
poses problems in how to interpret the functional significance
of individual phosphorylation events. These problems can be
partially alleviated by analyzing alterations in the
phosphoproteomes and signaling pathways under different
cellular conditions (Yang et al., 2006; Olsen et al., 2006).
Another approach is to analyze a subset of the
phosphoproteome to place the identified phosphorylation sites
into an important cellular context. As an example of this latter
approach, Nousiainen et al. analyzed the phosphoproteome of
the mitotic spindle and identified hundreds of specific
phosphorylation sites with the potential to regulate various
mitotic functions (Nousiainen et al., 2006).

In this paper, we took a more focused approach to identify
specific phosphorylation motifs on proteins that potentially
interact with or regulate the chromosomal passenger complex

(CPC), a crucial regulator of chromosome, cytoskeleton and
membrane dynamics throughout mitosis (Adams et al., 2001).
The CPC derives its name from its transient association with
chromosomes (Earnshaw and Bernat, 1991), localizing to
kinetochores during the early stages of mitosis and at the
midzone, cleavage furrow and midbody as cells progress
through mitosis. The CPC contains Aurora-B (Aurkb) and
other proteins, including INCENP, that regulate Aurora-B
activity and localization (Vader et al., 2006). Aurora-B kinase
phosphorylates crucial substrates throughout mitosis and
controls a number of mitotic events, ranging from the
phosphorylation of histone H3 and displacement of
heterochromatin protein-1 (Cbx5) from mitotic chromosomes
(Hirota et al., 2005; Fischle et al., 2005) to the execution of
cytokinesis at the end of mitosis (Carmena and Earnshaw,
2003).

To maintain genomic integrity and ensure the proper
completion of mitosis, the activity of the CPC itself must be
tightly regulated. Regulated gene expression and altered post-
translational modifications prevent premature activation before
mitosis begins, and several phosphorylation sites on the CPC
have been identified that regulate CPC formation and activity
(reviewed in Vagnerelli and Earnshaw, 2004; Vader et al.,
2006). During the early stages of mitosis, a balance between
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CPC kinase activity and protein phosphatases might prevent
premature entry into anaphase. Aurora-B can physically
associate with protein phosphatase 2A (PP2A) (Sugiyama et
al., 2002), and it has recently been shown that PP2A along with
Shugoshin (SGOL1) counters phosphorylation of kinetochore
proteins such as cohesin before anaphase onset (Tang et al.,
2006). Interactions between the CPC and spindle checkpoint
proteins also play important roles in preventing premature
entry into mitosis, before the chromosomes are properly
positioned in the spindle, perhaps by the ability of the CPC to
sense lack of spindle tension (Vagnerelli and Earnshaw, 2004).
Aurora-B kinase activity is controlled by regulated protein
degradation by the anaphase-promoting complex/cyclosome
(APC/C) and is physically associated with FZR1 (Cdhl), an
essential regulator of the APC/C, during mitosis (Stewart and
Fang, 2005).

Although significant research activity has focused on the
function and regulation of the CPC recently, we do not have a
complete understanding of the complex regulatory
mechanisms that control this essential mitotic complex. Here,
we identify mitotic phosphoprotein complexes, which, by
immunofluorescent staining, were found to behave identically
to the CPC. Analysis of the phosphoprotein complexes by
reversed-phase liquid chromatography (RPLC) coupled to
mass spectrometry (MS) identified three known CPC
components, INCENP, Aurora-B and TD-60 (Rcc2, RCCI-
like), as well as other proteins that could be novel CPC
components, regulatory factors or binding proteins. A
phosphorylation motif on some of these proteins, including
INCENP and polo-like kinase 3 (PLK3), might play a role in
regulating protein localization and/or interactions with the
CPC. The identification of novel proteins that interact with the
CPC as well as post-translational modifications on known and
potential CPC components provides further insight into the
composition and regulation of this important protein complex.

Results

The progesterone receptor (PR) is a known substrate of cyclin-
dependent kinases that phosphorylate the PR on several
residues, including serine 190 (Moore et al., 2007). A
monoclonal antibody (MAb P190) generated against a
phosphopeptide sequence containing this phosphoserine,
VLPRGLS(P)PARQLL, has proven to be a useful tool to detect
phosphorylated PR (Clemm et al., 2000). However, in human
cell lines, which do not express detectable levels of PR, we
found that the P190 antibody cross-reacts with additional
phosphoproteins exclusively during mitosis. In human cell
lines, including HeL.a and human mammary epithelial cells
(HMECs), P190 bound to mitotic structures, with
immunoreactivity localized to kinetochores, during prophase
and metaphase; with the midzone after sister chromatids
separate; and with the midbody at the completion of mitosis
(Fig. 1A). With the exception of midbody staining, little
immunoreactivity was observed in interphase cells. Following
overnight treatment with nocodazole, many of the cells were
arrested in prophase and showed high levels of P190
immunoreactivity on kinetochores (Fig. 1B). After nocodazole
removal, many of the arrested cells progressed through mitosis
and P190 immunoreactivity moved from kinetochores to the
midzone and finally to the midbody. Some of the cells,
particularly those shown in the middle panel of Fig. 1A, did

INCENP

Fig. 1. P190 immunostaining colocalizes with the CPC in human
cells. (A) Immunofluorescence staining of mitotic HeLa cells shows
P190 immunoreactivity (green) on kinetochores from prophase to
metaphase, in the midzone during anaphase to telophase and in the
midbody at the completion of mitosis. With the exception of residual
midbody staining, no P190 immunoreactivity is observed during
interphase. (B) Nocodazole treatment results in a large number of
cells in prophase that progress through mitosis after nocodazole has
been removed for 40 or 80 minutes. (C) Dual immunofluorescence
shows that P190 (green) colocalizes with Aurora-B (red) throughout
mitosis. (D,E) P190 immunoreactivity (green) colocalizes with
INCENP (red) in HMECs (D) but not in mouse RAW macrophages
(E). DNA is labeled with DAPI (blue). Bars, 10 pwm.

not exhibit mitotic characteristics and were clearly not labeled
by the P190 antibody. To confirm that this immunoreactivity
coincided with CPC localization, we labeled cells with Aurora-
B (Fig. 1C) and INCENP (Fig. 1D) to demonstrate that P190
immunoreactivity localizes with these integral CPC proteins in
both HeLa cells and HMECs. This localization pattern was
restricted to human cell lines, because we observed little
reactivity with cell lines derived from other species, including
mouse (Fig. 1E) and pig (not shown).

Western blot analysis demonstrated that the P190
phosphorylation-specific antibody detects several major protein
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Fig. 2. Recognition of multiple mitotic phosphoproteins by P190. (A) On western blots, P190 recognizes several phosphoproteins in
nocodazole-arrested cells (lane 2) but not in unsynchronized (lane 1) or thymidine-treated (lane 3) cells. Molecular weight markers are shown
in kD. (B) P190 recognizes a subset of mitotic phosphoproteins that are distinct from those recognized by MPM-2 and CC3 and that show
differential sensitivity to CDK inhibition and phosphatase treatments. Shown are western blots on lysates from cells treated with nocodazole
(N), roscovitine (R) or alkaline phosphatase (AP), as indicated, and probed with P190, MPM-2 or CC3 antibodies. (C) Strategy for identifying
protein complexes and phosphorylation sites containing the P190 phosphoepitope. (D) Immunoprecipitation with P190 (lanes 1 and 3) or
control antibody (lanes 2 and 4) eluted with 8 M urea (lanes 1 and 2) or boiling in SDS gel loading buffer (lanes 3 and 4).

bands in mitotic HeLa cell extracts, ranging in size from ~18-
225 kD (Fig. 2A). The antibody recognized the same protein
bands in HMEC:s but not in cell lines derived from other species
(data not shown), suggesting that these phosphoproteins are
common to human cell lines. With increased exposure times, the
blots showed that there are multiple minor immunoreactive
bands as well (Fig. 2B). Comparative western blots using two
other mitotic phosphorylation-specific antibodies, MPM?2
(Davis et al., 1983) and CC-3 (Thibodeau and Vincent, 1991),
showed that P190 reacts with a distinct subset of mitotic
phosphoproteins (Fig. 2B). In addition, P190 reacted with
kinetochores in prophase and metaphase; therefore, the
phosphoepitope is probably distinct from the 3F3/2 epitope,
which is only associated with unattached kinetochores
(Campbell and Gorbsky, 1995).

To determine potential kinases that phosphorylate the P190-
reactive proteins, we treated mitotic cell extracts with the
cyclin-dependent kinase (Cdk) inhibitor roscovitine and
observed that many of the P190-reactive proteins were affected
by this treatment (Fig. 2B). By comparison, most of the MPM?2
and CC-3 immunoreactivity was abolished by these treatments.
These results suggest that Cdks and possibly other kinases are
responsible for the phosphorylation of the P190-reactive
proteins during mitosis. Although most of the P190-reactive
bands were affected by addition of phosphatase to cell lysates
prior to electrophoresis, three bands were resistant, suggesting
that the phosphatase does not have access to the
phosphorylation sites on the intact protein. The lower
phosphatase-resistant polypeptide was also not efficiently
immunoprecipitated (Fig. 2D), suggesting that this
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phosphoepitope is inaccessible to both phosphatases and the
antibody in the intact protein.

We next performed two types of LC-MS-based analyses to
determine the phosphoepitope and protein complexes
recognized by P190, as outlined in Fig. 2C. In the first set of
experiments, we analyzed phosphopeptides using a
modification of a two-step affinity purification procedure
described for phosphotyrosine-containing peptides (Zhang et
al., 2005). Following tryptic digestion of nocodazole-arrested
HeLa cell lysates, peptides were immunoprecipitated with
P190, MPM2, CC3 or anti-GFP, which served as our negative
control. Eluted peptides were further purified using
immobilized metal-ion affinity chromatography (IMAC) as a
second phosphopeptide-enrichment step. To affinity purify
whole-protein complexes, immunoprecipitations (IPs) were
performed on mitotic cell lysates. Shown in Fig. 2D is a silver-
stained gel and corresponding western blot showing specific
enrichment of several protein bands in the P190 IPs but not
control IPs.

To identify phosphopeptides, LC-MS/MS was performed
and the resulting spectra were analyzed using SEQUEST
(Eng et al., 1994; Yates et al., 1995). To eliminate false
positive identification of phosphopeptides that results from
the inefficient fragmentation of phosphopeptides during
MS/MS (DeGnore and Qin, 1998), we applied a rigorous
filtering criteria (see Materials and Methods) and manual
confirmation of spectra (Yang et al., 2006). The majority of
phosphopeptides identified (492 out of 504 phosphopeptide
spectra) had several amino acids in common with the P190
antigen and were present in 11 proteins (Table 1 and
supplementary material Table S1 for a complete list of
phosphopeptide variants). Eight of the corresponding
proteins contained phosphopeptides with the sequence
PX[G/S/TILS(P)P, one protein had the sequence
PMGMS(P)P and two proteins contained the sequence
WGLS(P)P. Phosphopeptides from four proteins had no
discernible similarities to the P190 antigen. However, given
the low number of identified phosphopeptide spectra by MS
analysis, these phosphopeptides are present in lower
abundance (Liu et al., 2004).

The two most abundant motif-containing phosphopeptides
were from 60S ribosomal protein L12 (RPL12) and splicing
factor 1 (SF1). Two of the proteins containing the motif, FZR1
and RIC-8, both have reported functions that overlap with the
CPC: FZR1 is a key regulator of the APC/C that reportedly
associates with Aurora-B (Stewart and Fang, 2005) and RIC-
8 is required for localization of heterotrimeric G-proteins to the
cleavage furrow (Couwenbergs et al., 2004; David et al., 2005;
Wang et al., 2005). Several proteins with unknown or poorly
characterized functions were also identified. Phosphopeptide
IPs with MPM2, CC3 and anti-GFP (supplementary material
Table S2) showed no overlap with the phosphopeptides
immunoprecipitated by P190. The phosphopeptide IP for
MPM2 produced no peptides that passed our selection criteria.
CC3 identified 27 phosphoproteins, including TACC3 - a
protein that is phosphorylated by Aurora-A (Aurka) and
localizes to centrosomes (Kinoshita et al., 2005). We did not
identify any obvious amino acid patterns in the
phosphopeptides immunoprecipitated by MPM?2 or CC3.

To determine the composition of phosphopeptide
complexes, we next performed LC-MS-based analyses on
whole-protein IPs from nocodazole-arrested HeLa cell lysates
using the P190 antibody and a non-specific control antibody
(anti-GFP) (Fig. 3B). Equivalent samples to those shown on
the western blot and silver stain were digested with trypsin and
analyzed by LC-MS/MS. Two biological replicates were
performed and any proteins identified by a single peptide were
excluded from further analysis to reduce non-specific peptides.
From this, we identified 213 proteins exclusively in the P190
IP plus an additional 69 proteins with greater than fourfold
enrichment relative to the control IP calculated by the ratio of
total peptide (spectra) counts. Table 2 contains a partial list of
these proteins. For a complete listing of the enriched proteins,
see supplementary material Table S3. Complete datasets
containing peptide sequences of all identified proteins can be
downloaded at http://ncrr.pnl.gov/data.

In the P190 IP, we identified three known CPC components:
INCENP, Aurora-B and TD-60 (Table 2). Ten of the eleven
proteins identified in the phosphopeptide IP with P190
phosphorylation motifs were also present in the whole protein

Table 1. Phosphopeptides identified following peptide IP

Protein Phosphopeptide Phosphopeptide IP Protein IP
FZR1 K.RSS*PDDGNDVSPYSLS*PVSNK 22 82
RIC8A R.VIQPMGMS*PR.G 9 141
ABLIM1 R.QSLGESPRT*LS*PTPSAEGYQDVR.D 13 269
RPLI12 K.IGPLGLS*PK.K 157 34
VGLL4 K.NSLDASRPAGLS*PT*LTPGER.Q 4 7
ZADH2 R.LIVIGFISGYQTPTGLS*PVK.A 2 2
DKFZP434K1815 K.RPDDVPLSLS*PSKR.A 27 62
KIAA0182 K.AGGPAIPSHLLSTPYPFGLS*PSSVVQDSR.F 6 10
SEC16L R.ADSGPTQPPLSLS*PAPETK.R 14 494
SF1 K.YACGLWGLS*PASR.K 220 132
NKAP R.IGELGAPEVWGLS*PK.N 18 0
THRAP3 R.ES*VDSRDSS*HSR.E 5 86
TBCIDI15 K.KDPYT*ATMIGFSK.V 3 0
TRMTI1 K.QERLSET*S*PASR.I 2 0
IFIT5 K.KLSSPSNY*K.L 2 0

Most of the phosphopeptides passing the screening criteria outlined in Fig. 3C had amino acids, including phosphorylated serine, in common (bold) with the
P190 antigen. The total number of phosphopeptide spectra identified in the phosphopeptide IP and the total number of peptide spectra identified in the protein IP
are shown. Minor variations in these phosphopeptides occurred in some cases due to alterations in peptide length or due to the presence of multiple
phosphorylation sites; these are shown in supplementary material Table S1; . indicates trypsin cleavage site.
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HeLa mitotic cell lysates using the
P190 antibody. (B) SMAD2
phosphorylation on the P190 motif is
increased in nocodazole (N)-arrested
versus thymidine (T)-arrested HeLa
cells. (C) FZR1 is immunoprecipitated
by P190, but CDC27, which contains a
related motif, is not. (D) RIC8A (red)
faintly colocalizes with P190 (green)
during prophase and metaphase, and
the amount of colocalization increases
at later stages of cell division.

(E) DLGI1 (green) localizes to the
cleavage furrow. DNA is labeled with
DAPI (blue). Bars, 10 pwm.
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(2 four non-motif phosphoproteins was found in the whole-protein also highly enriched, as were the proteasome inhibitor PI31
Jofl IP. The most abundant protein identified in our analysis was (PSMF1) and the serologically defined colon cancer antigen 3
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> Table 2. Additional proteins of interest in P190 IPs
_O) Protein description P190 peptides Control peptides Protein function P190 motif

INCENP 2 0 CPC component PRTLSP

Aurora-B 34 1 CPC component

TD-60 9 0 CPC component

SMAD2 61 0 TGF- signaling PTTLSP

SMAD4 6 0 TGF-f signaling

STRAP 4 0 TGF- signaling

SKP1 5 0 SCF ubiquitin ligase

FBX7 6 0 SCF ubiquitin ligase

Condensin 5 0 Chromosome condensation

CDK1 2 0 Mitotic kinase

NUMA 2 0 Spindle regulation

PP2A 9 1 Phosphatase

HDAC2 5 1 Chromatin regulation

HDAC3 4 0 Chromatin regulation

TBLIXR1 21 0 Chromatin regulation

Clathrin heavy chain 66 2 Vesicle trafficking

Clathrin light chain 3 0 Vesicle trafficking

SEC23 558 0 Vesicle trafficking

SEC24 378 0 Vesicle trafficking PGIGLSP

SEHIL 218 15 Vesicle trafficking

SIPA1 2 0 RAP1 GAP PRGLSP

KLF12 6 0 Transcription PRGLSP

CRTC3 75 1 Transcription PLTLSP

PSMF1 273 0 Proteasome regulation PIGTSP

BAIAP2 704 0 Actin regulation PKSLSP

DLGI1 8 0 Membrane dynamics PSSLSP

SDCCAG3 158 0 Unknown PAGTSP

Shown is a subset of the proteins identified by mass spectrometry in P190 IPs; the total numbers of peptide spectra identified in the P190 versus the control IP
are shown. Those proteins containing a potential P190 motif are indicated. Amino acids in common with the P190 antigen are shown in bold. For a complete list
of proteins see supplementary material Table S3.
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Fig. 4. Identification of the phosphorylation motif in PLK3.

(A) Phosphorylated PLK3 (PLK3PS?%%) but not non-phosphorylated
PLK3 (PLK3"528%) or PLK1 is present in P190 IPs. (B)
Phosphorylated PLK3 localizes to centrosomes, spindle poles and
midbodies during mitosis. By contrast, non-phosphorylated PLK3 is
more diffusely distributed than this during mitosis. The staining pattern
of phosphorylated PLK3 is unaffected by blocking with the non-
phosphorylated peptide (NP-Peptide) but disappears in the presence of
the phosphorylated peptide (P-Peptide). (C) Phosphorylated PLK3
(green) localization partially overlaps with PLK1 (red) at centrosomes,
spindle poles and midbodies, and with the CPC at midbodies.

PLK3pS284

and ribosomes made up a large portion of the proteins present
in the P190 IP (see supplementary material Table S3), suggesting
that these protein complexes are immunoprecipitated as a result

of the phosphorylation sites present on SF1 and RPL12. Other
proteins and protein complexes of potential interest in the P190
IP include Cdkl (Cdc2a), SCF ubiquitin ligase complex
components [SKP1 (SKP1A) and FBX7 (FBXO7)], histone
deacetylases, several 14-3-3 proteins, NuMA, clathrin, PP2A,
casein kinase, and the TGFf3 signaling components, SMAD?2,
SMAD4 and STRAP.

Based on our phosphopeptide IP data, we concluded that the
P190 antibody preferentially recognizes proteins containing
sequences of PX[G/S/TILS(P)P (bold represents consensus
motif amino acids). To determine whether other proteins
present in the P190 IP contain this motif, we searched the
amino acid sequences of each protein in the IP and found
several proteins with this potential phosphorylation motif. No
additional proteins containing WGLSP or methionine in place
of the leucine were identified. The most interesting of the
motif-containing proteins is the CPC component INCENP,
which contains the sequence PRTLSP. Other proteins with
potential phosphorylation sites include SMAD2 (PTTLSP),
BAIAP2 (PKSLSP), DLG1 (PSSLSP), Krueppel-like factor
12 (KLF12; PRGLSP), signal-induced proliferation-
associated protein 1 (SIPA1l; PRGLSP) and transducer of
regulated CREB protein 3 (CRTC3; PLTLSP). SEC24
(PGIGLSP), PSMF1 (PIGTSP) and SDCCAG3 (PAGTSP)
contain related motifs, which could account for their high
abundance in the protein IP. Two of these sites, in INCENP
(Nousiainen et al., 2006) and in CRTC3 (Olsen et al., 2006),
were identified in global phosphoproteomic analyses, whereas
the SMAD?2 site was identified in a focused analysis on
SMAD?2 phosphorylation (Kretzschmar et al., 1999), providing
evidence that these are actual phosphorylation sites in vivo.

To validate our proteomic data, we independently confirmed
that both SMAD2 and FZR1 were enriched in P190 IPs using
western blot analyses of P190 IPs. As shown in Fig. 3A, a
subset of SMAD?2 protein is immunoprecipitated by the P190
antibody. The SMAD?2 antibody detected a doublet in whole-
cell lysates but only the higher molecular weight band was
specifically present in the P190 IP. Using an available antibody
that recognizes SMAD?2 phosphorylated on any of three closely
spaced sites, including the putative P190 motif (PTTLSP)
(Kretzschmar et al., 1999), we confirmed that the SMAD2
present in the P190 IP is phosphorylated (Fig. 3A). Because
P190 phosphorylations occur during mitosis, SMAD?2 should
be phosphorylated on this site primarily during mitosis as well.
To confirm this, we performed a western blot on control and
nocodazole-treated cell extracts, and only found detectable
phosphorylated SMAD2 in the nocodazole-arrested lysates
(Fig. 3B). We next demonstrated that FZR1 is specifically
present in the P190 IPs but a separate APC/C regulator,
CDC27, which contains an amino acid sequence (PQVLSP)
that is similar but not identical to the P190 motif, is not
recognized by the P190 antibody (Fig. 3C).

To determine whether the proteins identified by LC-MS
localize to the mitotic apparatus, we performed
immunofluorescence with several commercially available
antibodies. As expected, both Aurora-B (Fig. 1B) and INCENP
(Fig. 1C) colocalized with P190. Phospho-SMAD?2 was highly
enriched in mitotic cells, confirming that phosphorylation
occurs during mitosis, but little immunoreactivity was present
at regions containing the CPC (data not shown). RICSA
colocalized with P190 and the CPC at later stages of mitosis
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Fig. 5. Confirmation of INCENP as a P190-reactive phosphoprotein. (A) INCENP and Aurora-B are specifically immunoprecipitated from
HeLa mitotic cell lysates using the P190 antibody. (B) P190 recognizes bands corresponding to the molecular weight of INCENP (arrow) in
both INCENP and Aurora-B IPs. (C) Site-directed mutagenesis of serine 197 to alanine (S197A) or aspartate (S197D) prevents P190 binding.
The arrow shows the location of GFP-INCENP. (D) Mutation of serine 197 to alanine, but not to aspartate, prevents INCENP from properly
localizing to the midbody. The arrow denotes the midbody in the merged panel and the region containing the midbody was enlarged to clearly
demonstrate that SI97A (green) is not present in the midbody containing Aurora-B (red). Bars, 10 pwm.

(Fig. 3D). Faint colocalization was observed during prophase
but this increased at metaphase chromosomes, the midzone and
cleavage furrow, and the midbody as cells progressed through
mitosis. This localization of RIC8A is consistent with
previously published studies showing that RIC8A is required
for the localization of heterotrimeric G-proteins to the cleavage
furrow (Couwenbergs et al., 2004; David et al., 2005; Wang et
al., 2005). DLG1 also localized to the cleavage furrow as the
cells divided (Fig. 3E). These results demonstrate that several
of the P190-reactive proteins identified by LC-MS and western
blot analysis are phosphorylated during mitosis and colocalize
to regions containing the CPC. Immunofluorescence with other
antibodies, including FZR1 (data not shown), did not show
conclusive overlap with P190 staining, perhaps because these
antibodies do not distinguish between the phosphorylated and
total pools of protein.

To determine whether additional phosphoproteins existed,
we searched for motif-containing proteins using the National
Center for Biotechnology Information (NCBI) Basic Local
Alignment Search Tool (BLAST). Most of the proteins

identified in this search were present in our IP analyses;
however, we also identified PLK3, which was intriguing based
on its similarity to PLK1, a protein that localizes to the CPC
and interacts with INCENP (Goto et al., 2006). The PLK3
motif was slightly different in that it contained a leucine
between the presumed phosphorylated serine and the proline,
but it contained more sequence similarity to the P190 peptide
in other regions (LPRGLSPARQLL for PI190 versus
LPASLSLPARQLL for PLK3; bold represents consensus
amino acids; underlined represents additional amino acids). To
confirm the phosphorylation of PLK3, we generated antibodies
that recognize PLK3 that is either phosphorylated (PLK3PS284)
or non-phosphorylated (PLK3"528%) on serine 284. Using these
antibodies, we determined that phosphorylated PLK3, but not
non-phosphorylated PLK3 or PLK1, was immunoprecipitated
by P190 (Fig. 4B). We then performed immunofluorescence to
demonstrate that phosphorylated PLK3 localized to spindle
poles, midzones and midbodies (Fig. 4C). This localization
pattern could be disrupted by pre-incubation with the
phosphorylated peptide, confirming the antibody specificity.
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Colocalization experiments revealed that the distribution of
phosphorylated PLK3 partially overlaps with PLKI1 at
centrosomes and midbodies (Fig. 4D). These results suggest
that this site-specific phosphorylation plays a role in targeting
PLK3 to specific cellular regions during mitosis.

We next set out to confirm that INCENP is
immunoprecipitated by P190 because of the presence of this
specific phosphorylation motif. Whereas numerous peptides
were identified for Aurora-B (34), only two peptides were
identified for INCENP (Table 2). First, to confirm that
INCENP was specifically present in P190 IPs, we performed
western blot analyses on P190 and control IPs using an
INCENP antibody. As shown in Fig. 5A, both Aurora-B and
INCENP were immunoprecipitated by P190 but not control
antibodies, demonstrating that the Aurora-B-INCENP
complex is recognized by the P190 antibody. As a control, we
repeated this with Aurora-A and observed no Aurora-A
immunoreactivity in the P190 IP. To indirectly show that
INCENP is phosphorylated on the P190 motif, we performed
IPs with INCENP and Aurora-B antibodies and probed these
with P190. As shown in Fig. 5B, P190 recognized a band
corresponding to the molecular weight of INCENP in both the
INCENP and Aurora-B IPs, indicating that INCENP is
phosphorylated and that this phosphorylation provides the
basis for the presence of both INCENP and Aurora-B in the IP.
In the INCENP IP, there is an additional high molecular weight
protein recognized by P190, suggesting that INCENP interacts
with an additional P190-immunoreactive protein of unknown
identity.

To determine whether the phosphorylation of INCENP on
serine 197 is necessary for antibody recognition, we generated
GFP-tagged wild-type and mutant proteins. As shown in Fig.
5C, P190 recognized wild-type INCENP but did not bind to
INCENP mutants in which the serine was mutated to alanine
(S197A) or aspartate (S197D). From this, we concluded that
serine 197 is phosphorylated on INCENP during mitosis and
that this phosphorylation provides the basis for recognition by
the P190 antibody. A probable explanation for why this
phosphopeptide was not detected in the P190 phosphopeptide
IP is that trypsin will cleave INCENP within the motif because
of the presence of an arginine (PRTLSP). We next tested
whether the phosphorylation of INCENP is important for its
localization during mitosis by performing localization
experiments on GFP-tagged wild-type and mutant INCENPs.
As shown in Fig. 5D, both wild-type INCENP and the mutated
S197D localized normally to the midbody at the completion of
mitosis, whereas S197A failed to localize to the midbody,
suggesting that this phosphorylation does play a role in
localizing INCENP to the mitotic apparatus.

Discussion

Progression through mitosis requires the orchestration of
multiple cellular events involving alterations in chromosomal,
cytoskeletal and membrane dynamics to ensure faithful
segregation of genetic material and other vital cellular
components. The complexity of this process and the necessity
to minimize errors to prevent cell death or the uncontrolled
proliferation associated with cancer, requires spatial and
temporal coordination between multiple cell signaling
pathways. Although many of the kinases and specific
phosphorylation events that regulate mitotic progression have

been identified, our understanding of this fundamental cellular
process is still evolving. Our aim here was to identify and
characterize a subset of the mitotic phosphoproteome to
increase our understanding of the molecular events that
regulate mitosis and place the identified phosphorylation
events into an important cellular context. In this paper, we
identified a novel shared mitotic phosphorylation motif present
on a number of proteins with both known and unknown
functions; this motif might be involved in regulating the
distribution and/or activity of these proteins during mitosis.

Among the proteins identified in our analysis was the
integral CPC component INCENP - a crucial regulator of CPC
activity and organization (Carmena and Earnshaw, 2006). We
conclude, based on the crossreactivity of the P190 antibody
with wild-type but not mutant INCENPs, that INCENP is
phosphorylated on a P190 motif-containing serine 197.
Interestingly, this site is not conserved in other mammalian
INCENPs, providing a potential regulatory mechanism that is
unique to humans. Nousiainen et al. showed that INCENP that
co-purifies with mitotic spindles is phosphorylated on this site,
providing confirmation that this is an authentic INCENP
phosphorylation site (Nousiainen et al., 2006). However, in that
report, it was one of several hundred total phosphorylation sites
identified. Our results help to place this site-specific
phosphorylation into a cellular context by demonstrating that
the phosphorylation occurs during mitosis and might play a
role in regulating INCENP localization. This phosphorylated
INCENTP is associated with Aurora-B, as evidenced by their
co-immunoprecipitation with P190, INCENP and Aurora-B
antibodies. We also detected TD-60 in P190 IPs by LC-MS,
suggesting that this known CPC component (Mollinari et al.,
2003) is in the same protein complex as phosphorylated
INCENP and Aurora-B.

PLK1 has overlapping functions with the CPC, and a subset
of the cellular pool of PLKI1 localizes to the CPC and directly
associates with INCENP (Goto et al., 2006). We found no PLK 1
in our IPs applying either LC-MS or western blot analyses,
indicating that the phosphorylated INCENP complexes do not
contain Plk1. Interestingly, however, PLK3 was present in the
P190 IPs because of the presence of a specific phosphorylation
site. Total PLK3 has a diffuse distribution with some
localization to centrosomes, mitotic spindles and midbodies
(Wang et al., 2002). This localization to the mitotic apparatus
is dependent upon the polo-box domains (Jiang et al., 2006).
Our results suggest that phosphorylation of PLK3 in a region
located between the polo-box and kinase domains leads to
increased PLK3 localization to the mitotic apparatus.

Only some of the phosphorylated  peptides
immunoprecipitated by P190 contained conventional CDK
phosphorylation motifs {S(P)PX[R/K/H]}, explaining the
differential susceptibility of P190-reactive proteins to CDK
inhibition (Fig. 2). Other motifs present in these peptide
sequences include CaM kinase family phosphorylation motifs
[RXXS(P)] and any of the many serine/proline-dependent
protein kinases. This suggests that the motif is not a
recognition motif for an individual kinase but might be a
structural motif that is accessible to kinases and potentially
other binding proteins. However, if different kinases are
responsible for the phosphorylation of different P190-reactive
proteins, these kinases are activated within the same time-
frame, because cell synchronization studies revealed no
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differences in the relative phosphorylation of individual
protein bands on western blots (data not shown). The existence
of motif variants as observed for PLK3, SF1 and possibly
other proteins such as SEC24 suggests that there might be
additional mitotic phosphoproteins than those identified here.
Furthermore, because the structural features required for
antibody and kinase recognition might be different, additional
proteins might exist that are phosphorylated by kinases but not
recognized by the antibody.

Many of the P190 phosphorylation sites identified here are
in the vicinity of additional serine and threonine residues that
are phosphorylated or could potentially be phosphorylated. For
example, some of the phosphopeptides from actin binding LIM
protein 1 (ABLIM1) contain phosphorylation sites at the +2
and -2 positions in addition to the phosphoserine at position 0
within the motif, and Nousiainen et al. reported multiple
phosphorylations on INCENP near to and including the P190
phosphorylation motif located at position 197 (Nousiainen et
al., 2006). Most of the FZR1 phosphopeptides were also
phosphorylated at the —13 position at a site containing SS(P)P,
a consensus PLK1-binding site (Elia et al., 2003) that is a
known regulator of the APC/C (Eckerdt and Strebhardt, 2006).
Proteins containing phosphorylation sites with arginine at the
-3 position within the motif could be 14-3-3-interacting
proteins, which were also detected in our LC-MS analysis.
These findings suggest that regions containing the P190 motifs
could be the subject of complex regulation through the
convergence of multiple phosphorylation events and
interactions with phosphorylation-dependent binding partners
that serve to regulate the spatially and temporally controlled
progression through mitosis.

Some of the proteins identified here reportedly are either
targets or regulators of the CPC. Among these is FZRI, a
crucial regulator of the APC/C that is essential for mitotic
progression and targeted degradation of mitotic substrates such
as cyclin B (King et al., 1995) and securin (Zur and Brandeis,
2001). Growing evidence suggests that the APC/C is regulated
by Aurora-B at the onset of mitosis (Morrow et al., 2005) and
that it regulates Aurora-B by targeting it for degradation at the
end of mitosis (Stewart and Fang, 2005). This Aurora-B
degradation is mediated by FZR1, providing a link between
these proteins (Visintin et al., 1997). HDAC3 functions as
transcription repressor during interphase, but de-acetylates
histone H3 during mitosis to create the preferred Aurora-B
phosphorylation site that results in HP1 dissociation as
chromosomes condense (Li et al., 2006).

SMAD?2, along with the closely related SMAD?3, reportedly
interacts with FZR1 and the APC/C to control the targeted
degradation of a subset of proteins (Nourry et al., 2004).
SMAD? is a key component of the TGFp signaling pathway
that shuttles to the nucleus following phosphorylation of the
C-terminus where it regulates genes involved in maintaining
tissue homeostasis (ten Djike and Hill, 2004). The P190 motif
in SMAD?2 is part of a series of three serine/proline residues
that are not affected by TGF[3 but instead are phosphorylated
by Ras-activated MAP kinases to override the anti-proliferation
effects of TGF3 (Kretzschmar et al., 1999). Here we show that
these sites are also phosphorylated during mitosis and that this
could play a role in regulating SMAD?2 interactions with the
APC/C and the CPC. This altered phosphorylation could also
be involved in the molecular switch that results in TGF( acting

as a tumor suppressor to prevent cancer and a tumor promoter
as cancer progresses (Iyer et al., 2005).

Although a number of the proteins identified in the P190 IPs
have described functions independent of a role in mitosis,
many have been reported to localize to the mitotic apparatus
and/or have secondary roles during mitosis. For example,
several ribosomal and nucleolar proteins undergo dynamic
interactions with chromosomes during mitosis (Van Hooser et
al., 2005), and splicing factors have a putative function in
mitotic spindle assembly via a poorly understood mechanism
(Blencowe, 2003; Kittler et al., 2004). mRNA and ribosomes
could also be actual components of the mitotic apparatus
(Alliegro et al., 2006; Pederson, 2006). Clathrin heavy chain,
which plays a role in vesicle trafficking during interphase but
localizes to the kinetochore during mitosis where it regulates
kinetochore fiber stability (Royle et al., 2005), might also play
a role in cytokinesis (Warner et al., 2006). The COPII complex
is involved in vesicle trafficking; however, a member of this
complex, SEC13, localizes to the kinetochore during mitosis
and might be required for mitotic progression (Loiodice et al.,
2004). Therefore, although at first glance many of these
proteins might not be considered serious candidates for mitotic
regulators or as CPC-interacting proteins, there is mounting
evidence to suggest that many proteins have mitotic functions
distinct from their well-characterized interphase functions.

The results presented here provide insight into a potential
regulatory phosphorylation event shared by several known
mitotic regulators. Several proteins with unknown functions
were also identified as either containing the phosphorylation
site or associating with these phosphoproteins. Future work
that is focused on addressing potential mitotic functions for
these novel proteins might lead to the identification of new
mitotic regulators. In addition, functional characterization of
the phosphorylation sites in these proteins might shed light on
the role that this site-specific phosphorylation plays in
regulating protein localization, function and mitotic
progression.

Materials and Methods

Cell culture

HeLa cells were grown in Opti-MEM media (Invitrogen) supplemented with 4%
heat-inactivated fetal bovine serum (FBS), streptomycin and penicillin. The human
mammary epithelial cell (HMEC) line 184A1 (Stampfer and Yaswen, 1993) was
maintained in DFCI-1 medium (Band and Sager, 1989). Mouse C2C12 cells and
RAW macrophages were maintained in DMEM with 10% FBS, streptomycin and
penicillin. Cells were arrested at the G2/M transition by overnight incubation in
medium with 40 ng/ml nocodazole or at the G1/S transition by incubation in
medium with 1 mM thymidine.

Immunoprecipitations

IP beads were prepared by incubating 25 wg of primary antibody, P190
(progesterone receptor Ser190 antibody; Labvision), mouse anti-GFP (Rockland
Immunochemicals) MPM2 (Upstate) or CC3 (Upstate) with 200 wl of magnetic
Dynabeads M-280 sheep anti-mouse IgG (Invitrogen) for 2 hours at room
temperature. Beads were washed and primary antibodies were crosslinked to the
beads using DMP (Pierce) according to the manufacturer’s instructions. Non-
adherent mitotic cells (~40X 10° per experiment) were centrifuged and washed once
with PBS. Cells were resuspended (4 X 10° cells/ml) in lysis buffer (50 mM HEPES,
150 mM NaCl, 0.5% NP-40, pH 7.4 with Halt protease and phosphatase inhibitors;
Pierce), incubated for 15 minutes on ice and centrifuged at 14,000 g in a table top
microcentrifuge at 4°C. Lysate was divided in half and incubated for 4 hours with
P190 or control IP beads. Beads were washed four times for 10 minutes each with
lysis buffer and each time beads were separated from lysis buffer using a magnet.
Proteins were eluted by incubation in 8 M urea, 50 mM NH4HCOj3 for 30 minutes
at 37°C. Any remaining bound proteins were eluted by boiling beads in SDS sample
buffer. Peptide IPs were performed using a modified procedure (Zhang et al., 2005).
Basically, washed mitotic cells were lysed in 8 M urea supplemented with
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phosphatase inhibitors, reduced with 10 mM DTT for 1 hour at 56°C and alkylated
with 55 mM iodoacetamide for 45 minutes at room temperature. Trypsin (100:1
substrate:trypsin ratio; Promega) was added, and proteins were digested overnight
at room temperature and purified as described below prior to performing the
phosphopeptide IP.

Protein digestion and peptide analysis by the nRP-HPLC-
wESI-MS/MS

IP samples were digested with modified trypsin (Promega). Samples were
concentrated using a Speed Vac, acidified with glacial acetic acid to pH ~3, and
desalted with a 360X200 wm fused silica column packed with 8 cm of 5-20 um
irregular sized C18 beads (YMC ODS-AQ, Waters). The desalted peptides were
concentrated to ~20 pl using a Speed Vac. Aliquots (~1-5 pl) of the desalted
peptides were loaded onto a 360X75 wm fused silica pre-column packed with 5 cm
of 5-20 wm irregular sized C18 beads (YMC ODS-AQ, Waters), washed with 0.1%
HOAC, connected to the analytical column [360X20 pwm, 15-cm long monolithic
column (Luo et al., 2006)] and analyzed by a combination of a nano-HPLC/micro-
electrospray ionization on a LTQ mass spectrometer (Thermo Electron, San Jose,
CA).

Immobilized metal-ion affinity chromatography (IMAC)

Peptides were desalted as described previously (Ficarro et al., 2002) with the
exception that the 1-hour methylation reaction was repeated once to ensure complete
methylation. Samples were resuspended in 0.1% HOAc (100 wl), loaded onto a
reversed-phase desalting column (360 wm OD X200 wm ID fused silica; Polymicro
Technologies), washed with 0.1% HOAc and eluted to the Fe (III)-activated IMAC
(360 pwm OD X200 wm ID fused silica) column packed with 9 cm POROS 20 MC
(Applied Biosystems) with 20 pl of 40% acetonitrile (MeCN) in 0.1% HOAc. The
IMAC column was washed with 30 nl of 25/74/1 ACN/water/HOAc containing 100
mM NaCl, 40 pl 0.1% acetic acid, and eluted with 25 pl of 20 mM ascorbic acid
to a pre-column (360 wm O.D. X75 wm L.D. fused silica; PolymicroTechnologies).
The pre-column was washed with 40 wl of 0.1% HOAc and connected to the
analytical column for LC-MS/MS analysis on a LTQ mass spectrometer.

LC-MS/MS parameters on the LTQ mass spectrometer

Samples were analyzed by nanoflow HPLC-microelectrospray ionization on a LTQ
mass spectrometer (Thermo Electron, San Jose, CA). The HPLC gradient (A=100
mM acetic acid in water, B=80% MeCN/100 mM HOAc in water) was 0-40% B
for 150 minutes, 40-60% B for 20 minutes, 60-100% B for 15 minutes, 100-0% B
for 10 minutes and 0% B for an additional 85 minutes to equilibrate the column.
Peptides were eluted from the reversed-phase column to the mass spectrometer
through the etched emitter tip (Kelly et al., 2006) on the analytical column.

Database search and peptide identification

All MS/MS spectra recorded were searched against the Human International Protein
Index (IPI) database (Version 3.05; www.ebi.ac.uk/IPI) using SEQUEST software
(Eng et al., 1994; Yates et al., 1995). For peptides, all MS/MS data were searched
against the protein database without enzyme restriction. For peptide IP, a differential
modification of +80 Da (phosphate group) on serine, threonine and tyrosine was
included for the phosphopeptide SEQUEST search and a static modification of +57
Da (carboxyamidomethylation) on cysteine was also used in the search. Only fully
tryptic phosphopeptides were considered with Xcorr cutoff 1.4, 2.3 and 3.0 for 1+,
2+ and 3+ charge state peptides, respectively. Only those phosphopeptides present
in multiple copies were considered for further analysis. MS/MS spectra for
phosphopeptides passing these filtering steps were then manually confirmed. The
number of peptide (spectra) counts was used to estimate the relative abundance of
proteins (Liu et al., 2004).

Antibodies and immunostaining

Primary antibodies used were P190 (phospho-Progesterone Receptor Ser190 clone
1154; Labvision), Aurora-B, Aurora-A and FZR1 (BD Biosciences), DLGI1
(Stressgen), RIC8A (Imgenix), SMAD2 and phospho-SMAD25%45/2501255 (Cel]
Signaling), INCENP (Sigma-Aldrich), and MPM2 and CC-3 (Upstate). Antibodies
recognizing phosphorylated PLK3 on serine 284 were generated by Pacific
Immunology (Ramona, CA) by injecting rabbits with the synthetic peptide
CIKQVHYTLPASLS(P)LPAR. Non-phosphorylation-specific antibodies were
removed by purification on a column containing the non-phosphorylated version of
the peptide and these were shown to recognize both endogenous and bacterially
expressed non-phosphorylated PLK3. Phosphorylation-specific antibodies were
then affinity purified using the phosphorylated peptide. Primary antibodies were
detected with the corresponding secondary antibody, either Alexa-Fluor-488
goat anti-mouse or Alexa-Fluor-594 goat anti-rabbit (Invitrogen) for
immunofluorescence or HRP-conjugated antibodies (Pierce).

Site-directed mutagenesis of GFP-tagged INCENPs

A vector encoding full-length INCENP was purchased from Invitrogen. Site-
directed mutagenesis of serine 197 to alanine or aspartate was performed using the
QuickChange II kit (Stratagene) and corresponding custom primers (Invitrogen).

INCENP and each mutant were than amplified by PCR to add BsrGI and BamHI
sites for insertion into the pEGFP-C1 vector (Clontech). Sequencing was performed
to ensure each clone contained the correct sequence.

Microscopy

Fluorescence microscopy was performed as described previously (Stenoien et al.,
1999). Images except Fig. 1A were acquired with a Nikon TE2000 inverted
microscope using Metamorph software (Molecular Devices, Downington, PA) and
a 60X 1.4 N.A. plan apo lens. Fig. 1A was generated by acquiring a z-series of
focal planes using a Deltavision microscope (Applied Precision, Issaquah, WA) and
deconvolved with the Deltavision software constrained iterative algorithm to
generate high-resolution images. Final images were assembled using Adobe
Photoshop with equivalent adjustments in background and brightness for each
image panel.
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Table S1. Phosphopeptides that were only identified in p190 phosphopeptide IPs with 2 or more peptide spectra

counts and manually confirmed.

Phosphopeptides

K.JIGPLGLS*PK.K
K.QERLSET*S*PASR.I
K.RPDDVPLSLS*PSKR.A
K.RPDDVPLSLSPS*KR.A
R.LAALKRPDDVPLSLS*PSKR.A
R.VIQPMGMS*PR.G
R.IGELGAPEVWGLS*PK.N
K.KLSSPSNY*K.L
K.AGGPAIPSHLLSTPYPFGLS*PSSVVQDSR.F
R.ADSGPTQPPLSLS*PAPETK.R
R.QSLGES*PRTLSPT*PSAEGYQDVR.D
R.QSLGESPRT*LSPT*PSAEGYQDVR.D
K.NSLDASRPAGLS*PTLTPGER.Q
K.RS*SPDDGNDVSPY SLSPVS*NK.S
K.RSS*PDDGNDVSPY SLS*PVSNK.S
R.SSPDDGNDVSPYSLS*PVSNK.S
K.YACGLWGLS*PASR.K
K.YACGLWGLS*PASRK.R
K.KDPYT*ATMIGFSK.V
R.ES*VDSRDSS*HSR.E
R.LIVIGFISGYQTPTGLS*PVK.A

ProteinName

1P100024933.3
1P100232784.3
1P100069309.4
1P100069309.4
1P100069309.4
1P100100106.1
1P100296934.2
IPI00012756.1
1P100215963.3
1P100031242.4
1P100329495.3
1P100329495.3
1P100430439.1
1P100099464.4
IP100099464.4
IP100099464.4
1P100386120.1
1P100386120.1
IPI00154645.5
IP100104050.2
IPI00166738.1

Description
RPLI12
TRMTI

DKFZP434K1815.
DKFZP434K1815.
DKFZP434K1815.

RIC8A
NKAP
IFITS
KIAAO0182
SEC16L
ABLIM1
ABLIM1
VGLL4
FZR1
FZR1
FZR1

SF1

SF1
TBCI1D15.
THRAP3
ZADH2

MaxOfXCorr
2.858500004
2.511100054
4.094299793
4.104599953
4.840000153

2.77519989
4.073500156
1.713400006
6.020400047
4.000999928
3.495399952
3.812299967
4.505899906
3.921299934
5.200200081
3.135200024
4.359700203
3.279000044
3.170900106
2.543499947

4.49450016

Total
Peptides

157
2
11



Table S2. Phosphopeptides identified in CC3 and control IPs with 2 or more peptide spectra counts.
Phosphopeptides shown in red could not be manually confirmed.

Phosphopeptides
R.FLS*LEPVKKSR.L
K.PT*TSV.-

K.S*GKDGIK.Q
K.S*NAGMK.H
K.VT*ALGGGK.L
-MLQMLWHFLAS*FFPR.A
K.ANASAIPGKTILENS*VK.H
K.DQRKMLLVGS*RK.A
K.EIENGVY*LINGQVK.D
K.ELFNEDVEEVTY*RALR.N
K.ELVMPEEMVPLGDSNSHS*MKK.D
K.ENATPTRNTIS*K.V
K.ENS*VIFNNTS*K.E
K.FENDY*QEKTPQKSIQK.Y
K.IS*S*QGRLAVFTK.A
K.KEFS*EIPGHQVDILY*K.L
K. KGGKGET*EEGRR.M
K.KKGGSNCLEMKKET*EIK.I
K.LY*GSLPLCVLLER.A
KMGLLVDLT*NTSR.F
KMGLLVDLTNT*SR.F
K.S*KLLEQVSR.L
K.YPVLPS*INR.K
R.DGGKRVGSGAQKT*R.T
R.GIPLDFSS*SLGIIVK.D
R.GIPLDFSSS*LGIIVK.D
RISVEVLY*VIAVQVK.C
R.KNEESLKKCVEDY*LAR.I
R.NKGLISGVKSLS*K.E
R.QNLGLEFT*LIWVK.T
R.TMT*DILSRGPK.S

ProteinName

1P100028098.1
IP100063080.1
1P100257450.3
1P100292537.2
IPI00005151.1
1P100289851.4
1P100291916.4
1P100220730.6
IP100386043.2
IPI00011237.1
1IP100046437.2
1P100470932.1
IPI00182179.2
IP100167289.1
1P100044214.1
IP100178727.4
1P100297767.3
1P100014897.4
IP100031755.1
IP100000104.1
IP100000104.1
IP100455652.1
IP100065064.1
IP100170805.1
IP100021048.1
IP100021048.1
IPI00011710.1
1P100002135.1
1P100329637.2
1P100007327.4
1P100395929.1

Description

CYCLIN D1
HYPOTHETICAL PROTEIN.
PRTD-NY2.

NFKBI1

OBP2B

SLC25A25

PHIP

HIPI1

Clorf27

NARF

hCG2044193

BDP1

FMO1

C12o0rf40

PRLR

C100rf79

CSNK1G2

PLCB4

RCEI

MRNA CAPPING ENZYME
MRNA CAPPING ENZYME
hCG1981531

UBXD3

DBF4

FERIL3

FERIL3

AXONEMAL DYNEIN HEAVY CHAIN
TACC3

Clorf26

TAPBP

AADAT

MaxOfXCorr
2.6037
1.6342
1.5278
1.4552
1.5015
3.6654
2.7372
2.6206
2.7675
3.6541
3.1403

2.425
2.5726
3.3147

2.854

3.617
2.3337
3.2649
2.4784
2.6125
2.8557

2.738

2.728
2.5711
3.6047
3.2185
2.5275
3.1419

2.793
2.4958
2.4556

CC3 Peptide
P

—_
N 9 9 & W D R VRN O NN W W N W BN

N
w

N D W W W, W

Control

Peptide
P

NN NN W



Table S3. Proteins identified in p190 and Control IPs with 2 or more peptide counts. Shown are total peptide spectra counts and unique peptides
(parentheses) for each protein). Only those proteins that are unique to the P190 IP or enriched greater than 4-fold relative to the control are shown.
Complete datasets containing peptide sequences of all identified proteins can be downloaded at http://ncrr.pnl.gov/data.

ProteinName

1P100180292.5
IP100017375.1
1P100218288.5
1P100009949.1
1P100329495.3
IP1I00017376.2

1P100093725.3
IP100100106.1
IP100043958.1
IP100152007.1
IPI00155389.2
1P100069309.4
1P100439946.1
IPI00456832.2
IP100019548.1
IP100167909.3
IP100018771.3
1P100014150.1
1P100026993.1
1P100002922.5
IPI00009071.2
1P100002349.2
IP100549984.3
IP100007084.1
IP100161966.1
1P100026197.4
1P100328798.1
IP100011698.1
1P100294402.1
1P100013216.1
1P100289344 .4
1P100043737.3
IP100183400.8
IP100007334.1
IP100004968.1
1P100030910.1
1P100289491.3

Description

BAIAP2 (IRSp53).

SEC23A.

SEC24-RELATED PROTEIN D.
PROTEASOME INHIBITOR PI31 SUBUNIT.
ACTIN-BINDING LIM PROTEIN 1.
SEC23B.

SEROLOGICALLY DEFINED COLON CANCER ANTIGEN 3 (SDCCA3).
RICSBA.

FZR1 (CDH1).

TUMOR ENDOTHELIAL MARKER 4.

UGA SUPPRESSOR TRNA-ASSOCIATED PROTEIN.
HYPOTHETICAL PROTEIN DKFZP434K1815.

Cllorf61.

OTTHUMP00000022414.

SMAD?2.

EML3.

RICS8B.

WILMS TUMOR 1-ASSOCIATING PROTEIN (WTAP).
DING.

F-BOX-LIKE/WD-REPEAT PROTEIN TBLRI.

FUS INTERACTING SERINE-ARGININE RICH PROTEIN 1.
FMRP INTERACTING PROTEIN, 82KD.

C-MYC BINDING PROTEIN.

CALCIUM-BINDING MITOCHONDRIAL CARRIER PROTEIN ARALAR2.
KIAAO0515.

1G KAPPA CHAIN V-IV REGION PRECURSOR.

DLNBI11.

SIN3 ASSOCIATED POLYPEPTIDE P18.

ORIGIN RECOGNITION COMPLEX SUBUNIT 3.

ORIGIN RECOGNITION COMPLEX SUBUNIT 2.
NUCLEAR RECEPTOR COREPRESSOR 1.

C19orf55.

CASEIN KINASE I, ALPHA ISOFORM.

APOPTOTIC CHROMATIN CONDENSATION INDUCER IN THE NUCLEUS.

PRP19/PSO4 HOMOLOG.
GPI-ANCHORED PROTEIN P137.
CANCER SUSCEPTIBILITY CANDIDATE GENE 3 PROTEIN.

P190 Peptides
714 (34)
558 (40)
378 (34)
273 (14)
269 (24)
200 (26)
163 (18)
141 (17)
82 (17)
73 (27)
64 (13)
62 (14)
44 (10)
42 (13)

61 (6)
26 (9)
26 (1)
24 (10)
22(7)
21 (9)
20 (5)
18 (10)
18 (3)
18 (9)
17 (5)
16 (1)
16 (5)
13 (4)
13 (6)
13 (6)
13 (9)
11(2)
11 (4)
11(7)
10 (5)
10 (3)
10 (6)

Control Peptides



1P100293434.1
IPI00465044.2
IP100007928.3
1P100302149.1
IP100307659.1
1P100328840.5
IP100030351.1
1P100012726.3
IP100000644.3
IP100042578.4
1P100030572.3
IP100013159.1
1P100430439.1
IP100001757.1
1P100009780.1
1P100374260.4
IPI00168235.4
IP100028888.1
1P100007300.1
1P100296078.3
IP100217506.4
1P100013404.1
1P100027024.3
1P100418169.1
IP100012074.2
1P100304692.1
1P100294567.3
1P100456359.1
IPI00178879.4
IPI00185027.4
IPI00219155.2
IP100218606.6
1P100021263.3
IPI00000015.2
IP100172421.5
IP100005648.1
1P100042099.4
IPI00008708.4
1P100027255.1
IP100334191.5
1P100394941.1
1P100299524.1

SIGNAL RECOGNITION PARTICLE 14 KDA PROTEIN.
TD-60 (RCC2; RCCI-LIKE).

PRPS.

HOMOLOG OF POLYHOMEOTIC 3.

CHROMOBOX PROTEIN HOMOLOG 8.

THO COMPLEX SUBUNIT 4.

PRESYNAPTIC PROTEIN SAP97 (DLG1).

POLY.

BAG-FAMILY MOLECULAR CHAPERONE REGULATOR-3.
22 KDA PROTEIN.

TRINUCLEOTIDE REPEAT CONTAINING 6C .
TRANSCRIPTION FACTOR ETVé6.

TRANSCRIPTION COFACTOR VESTIGIAL-LIKE PROTEIN 4.

RNA-BINDING PROTEIN 8&A.

PUTATIVE HIV-1 INDUCED PROTEIN HIN-1.
PREDICTED: SIMILAR TO 60S RIBOSOMAL PROTEIN L10
HYPOTHETICAL PROTEIN FLJ33352.

HETEROGENEOUS NUCLEAR RIBONUCLEOPROTEIN DO.
BTB/POZ DOMAIN CONTAINING PROTEIN 3.

ZINC FINGER TRANSCRIPTION FACTOR TRPSI.
NUCLEOLIN.

SMAD4

KRUEPPEL-LIKE FACTOR 12 (KLF12).

HYPOTHETICAL PROTEIN DKFZP686P03159.

HNRPR

HETEROGENEOUS NUCLEAR RIBONUCLEOPROTEIN G.
F-BOX ONLY PROTEIN 7.

ATAXIN-2-LIKE PROTEIN

ATAD3B

ARGININE-GLUTAMIC ACID DIPEPTIDE (RE) REPEATS.
60S RIBOSOMAL PROTEIN L27.

40S RIBOSOMAL PROTEIN S23.

14-3-3 PROTEIN ZETA/DELTA.

SPLICING FACTOR, ARGININE/SERINE-RICH 4.
S-PHASE KINASE-ASSOCIATED PROTEIN 1A
SCAFFOLD ATTACHMENT FACTOR B2.

PYGOPUS HOMOLOG 2.

PBK1 PROTEIN.

MYOSIN LIGHT CHAIN 1, SLOW-TWITCH MUSCLE A ISOFORM.

EIF3S9.
HIN1-LIKE CYSTEINE PROTEASE.
CONDENSIN SUBUNIT 1.

9(3)
9(6)
9(7
9(5)
9(6)
8(3)
8(7)
8(3)
8(2)
8(4
7(5)
7(2)
7(3)
7(2)
7(2)
74
7(5)
7(3)
74
6(5)
6(3)
6(2)
6(2)
6(2)
6 (6)
6(3)
6(3)
6(4)
6(4)
6(3)
6(3)
6(2)
6(4)
53
5
53
51
5
5
5
5
5



1P100012011.3
1P100019380.1
1P100219153.3
1P100013917.1
IP100000816.1
IP100382871.3
1P100401264.5
1P100302850.4
1P100216125.3
1P100294536.1
IP100069750.1
1P100024661.3
1P100418458.1
IPI00008575.3
IP100015920.2
1P100000105.3
1P100059292.3
IP100299571.4
IP100156919.3
IP100036742.2
IP100006187.1
1P100029012.1
IP100005589.1
IP100306237.6
IPI00005492.2
IP100006723.3
IP100018465.1
IPI00005978.5
IP100066374.1
IPI00013721.2
1P100023103.1
IP100009104.5
1P100144293 .4
1P100102752.2
1P100329572.3
IP100152296.1
1P100025419.3
1P100465294.2
1P100215943.1
IPI00005511.1
1P100024726.2
IP100015164.3

COFILIN

80 KDA NUCLEAR CAP BINDING PROTEIN.

60S RIBOSOMAL PROTEIN L22.

40S RIBOSOMAL PROTEIN S12.

14-3-3 PROTEIN EPSILON.

ZINC FINGER PROTEIN 36.

THIOREDOXIN DOMAIN CONTAINING PROTEIN 4 PRECURSOR.
SMALL NUCLEAR RIBONUCLEOPROTEIN SM D1.

SIGNAL RECOGNITION PARTICLE 9 KDA PROTEIN.
SERINE-THREONINE KINASE RECEPTOR-ASSOCIATED PROTEIN.
RO RIBONUCLEOPROTEIN-BINDING PROTEIN 1.

PROTEIN TRANSPORT PROTEIN SEC24C.

PNN

P62

MITOCHONDRIAL DICARBOXYLATE CARRIER

MAJOR VAULT PROTEIN

MAGO-NASHI HOMOLOG

HYPOTHETICAL PROTEIN FLJ45525.

PHC3

HYPOTHETICAL PROTEIN DKFZP686C1522.

HISTONE DEACETYLASE 3.

EUKARYOTIC TRANSLATION INITIATION FACTOR 3 SUBUNIT 10.
16 KDA PROTEIN.

ZN-FINGER, C2H2 TYPE DOMAIN CONTAINING PROTEIN.
WD-REPEAT PROTEIN 5.

US SNRNP-SPECIFIC 40 KDA PROTEIN.

T-COMPLEX PROTEIN 1, ETA SUBUNIT.

SPLICING FACTOR, ARGININE/SERINE-RICH 2.

SMOOTH MUSCLE AND NON-MUSCLE MYOSIN ALKALI LIGHT CHAIN ISOFORM 4 .
SERINE/THREONINE-PROTEIN KINASE PRP4 HOMOLOG.
SEGMENT POLARITY PROTEIN DISHEVELLED HOMOLOG DVL-2.
RUVB-LIKE 2.

PUTATIVE SPLICING FACTOR YT521.

PUTATIVE RNA-BINDING PROTEIN 15.

PROTEIN KINASE C AND CASEIN KINASE SUBSTRATE IN NEURONS PROTEIN 3.
TNRC6B

PREDICTED: SIMILAR TO BA486022.3 (SIMILAR TO RPS3A (RIBOSOMAL PROTEIN S3A)
POMBE CDC5-RELATED PROTEIN.

PLECTIN 1.

PHD FINGER-LIKE DOMAIN PROTEIN 5A.

PERIPHERAL PLASMA MEMBRANE PROTEIN CASK.

ORIGIN RECOGNITION COMPLEX SUBUNIT 4.

53
54
53
53
53
403)
4(2)
4(2)
4(2)
4(2)
4(2)
403)
4(4)
403)
403)
4(2)
4(2)
4(4)
4(1)
403)
4(2)
4(2)
4(2)
32
32
32
32
32
32
3(D)
3(D)
32
32
32
32
3(D)
3(D)
313
3(D)
3(D)
32
32



IP100306048.5
1P100007309.1
IP100185919.3
IPI00016472.2
1P100414397.2
IP100012998.1
1P100399254.1
IP100006182.1
1P100220349.3
IP100219678.2
1P100031801.3
1P100062206.1
1P100014587.1
IP100008612.1
1P100183920.1
1P100017299.3
1P100219335.9
1P100216237.4
1P100246022.3
IP100013415.1
IPI00008433.2
IP100018146.1
1P100216318.4
IPI00018888.1
IP100166738.1
1P100009650.1
1P100300127.3
1P100019770.1
IP100305068.5
IP100006725.1
1P100302925.3
1P100290566.1
1P100010276.2
1P100012341.1
1P100221106.5
1P100029764.1
IP100017963.1
1P100029266.1
IP100374747.3
1P100305305.3
1P100328293.2
1P100298940.2

NOVEL PROTEIN.

MITOCHONDRIAL IMPORT INNER MEMBRANE TRANSLOCASE SUBUNIT TIM23.

LARP1

ZC3H13

HYPOTHETICAL PROTEIN FLJ44533.

HPBRII-4 MRNA.

HIV-1 INDUCED PROTEIN HIN-1 ISOFORM 1

EUKARYOTIC TRANSLATION INITIATION FACTOR 3 SUBUNIT 3.
EUKARYOTIC TRANSLATION INITIATION FACTOR 2C, 2.
EUKARYOTIC TRANSLATION INITIATION FACTOR 2 SUBUNIT 1.
DNA-BINDING PROTEIN A.

DEAD (ASP-GLU-ALA-ASP) BOX POLYPEPTIDE 39, ISOFORM 2.
CLATHRIN LIGHT CHAIN A.

CGI-21 PROTEIN.

BA395L14.12.

B LYMPHOMA MO-MLYV INSERTION REGION.

60S RIBOSOMAL PROTEIN L3-LIKE.

60S RIBOSOMAL PROTEIN L36.

50 KDA PROTEIN.

40S RIBOSOMAL PROTEIN S7.

40S RIBOSOMAL PROTEIN S5.

14-3-3 PROTEIN TAU.

14-3-3 PROTEIN BETA/ALPHA.

ZINC FINGER PROTEIN GLI2.

ZINC BINDING ALCOHOL DEHYDROGENASE, DOMAIN CONTAINING 2.
VON EBNER'S GLAND PROTEIN PRECURSOR.

UPF0202 PROTEIN KIAA1709.

UBIQUITIN-LIKE PROTEIN FUBI AND RIBOSOMAL PROTEIN S30 PRECURSOR .
US SNRNP-ASSOCIATED 102 KDA PROTEIN.

US SNRNP 100 KD PROTEIN.

T-COMPLEX PROTEIN 1, THETA SUBUNIT.

T-COMPLEX PROTEIN 1, ALPHA SUBUNIT.

SRP25 NUCLEAR PROTEIN ISOFORM 2.

SPLICING FACTOR, ARGININE/SERINE-RICH 5.

SPLICING FACTOR 3B SUBUNIT 2.

SPLICING FACTOR 3A SUBUNIT 3.

SMALL NUCLEAR RIBONUCLEOPROTEIN SM D2.

SMALL NUCLEAR RIBONUCLEOPROTEIN E.

SIMILAR TO ORIGIN RECOGNITION COMPLEX SUBUNIT 3
SIGNAL-INDUCED PROLIFERATION-ASSOCIATED PROTEIN 1 (SIPA1).
SERINEVARGININE REPETITIVE MATRIX 1.

SERINE/THREONINE PROTEIN KINASE 6 .

3(D)
313
3(D)
32
32
32
32
3(D)
32
3(D)
32
32
3(D)
3(D)
3(D)
32
3(D)
313
3(D)
313
32
32
313
2(1
2(1
2(1
2(1
2(1
2(1
2(2)
2(2)
2(1
2(1
2(2)
2(2)
2(2)
2(2)
2(2)
2(1
2(2)
2(1
2(1



IP100017367.1
IP100163904.1
IP100165467.3
1P100396435.1
1P100026138.3
IP100093853.3
IPI00035167.7
IP100457167.1
IPI00385511.2
1P100454686.1
IP100000495.1
IP100005264.1
1P100031820.2
IP100007346.1
IP100015143.1
1P100302176.5
1P100216654.1
IPI00006196.2
1P100220573.3
1P100019997.1
IP100005824.1
1P100295684.1
1P100219330.1
1P100024970.1
1P100329606.1
IP100107121.1
1P100026689.2
IP100003704.1
1P100465070.4
IPI00018140.2
IP100011913.1
1P100016250.3
1P100020487.1
1P100012079.1
IP100006181.1
IP100013068.1
1P100297982.6
1P100032140.2
IPI00177642.8
1P100166010.4
IP100005015.1
IPI00337741.4

RADIXIN.

PYGOPUS HOMOLOG 1.

PUTATIVE RNA BINDING PROTEIN KOC.

PUTATIVE PRE-MRNA SPLICING FACTOR RNA HELICASE.
PREDICTED: SIMILAR TO RIBOSOMAL PROTEIN S3A.
PREDICTED: SIMILAR TO RIBOSOMAL PROTEIN L3.
PREDICTED: SIMILAR TO RIBOSOMAL PROTEIN L10A .

PREDICTED: SIMILAR TO CARBONIC ANHYDRASE VA, MITOCHONDRIAL PRECURSOR.

PREDICTED: KIAA1093 PROTEIN .

PREDICTED: HYPOTHETICAL PROTEIN XP_499091 .
PNAS-125.

PLAKOPHILIN 2.

PHENYLALANYL-TRNA SYNTHETASE ALPHA CHAIN.
PEPTIDYL-PROLYL CIS-TRANS ISOMERASE H.

ORIGIN RECOGNITION COMPLEX SUBUNIT 5.
NUCLEOLAR PROTEIN FAMILY A MEMBER 1.
NUCLEOLAR PHOSPHOPROTEIN P130.

NUCLEAR MITOTIC APPARATUS PROTEIN 1.

MYOSIN REGULATORY LIGHT CHAIN 2, NONSARCOMERIC.
LIN-7 HOMOLOG C.

LIN-7 HOMOLOG A.

KERATIN 10.

INTERLEUKIN ENHANCER-BINDING FACTOR 3.

INNER CENTROMERE PROTEIN.

HYPOTHETICAL PROTEIN FLJ90226.

HYPOTHETICAL PROTEIN FLJ20643.

HYPOTHETICAL PROTEIN DKFZP686L.20222.

HLARK.

HISTONE H3.1.

HETEROGENEOUS NUCLEAR RIBONUCLEOPROTEIN Q.
HETEROGENEOUS NUCLEAR RIBONUCLEOPROTEIN AO0.

FRAGILE X MENTAL RETARDATION SYNDROME RELATED PROTEIN 2.

EXTRACELLULAR GLYCOPROTEIN LACRITIN PRECURSOR.
EUKARYOTIC TRANSLATION INITIATION FACTOR 4B.
EUKARYOTIC TRANSLATION INITIATION FACTOR 3 SUBUNIT 7.
EUKARYOTIC TRANSLATION INITIATION FACTOR 3 SUBUNIT 6.
EUKARYOTIC TRANSLATION INITIATION FACTOR 2 SUBUNIT 3.
COLLAGEN-BINDING PROTEIN 2 PRECURSOR.

COILED-COIL DOMAIN CONTAINING PROTEIN 9.

CCR4-NOT TRANSCRIPTION COMPLEX, SUBUNIT 1 ISOFORM A .
CCR4-NOT TRANSCRIPTION COMPLEX SUBUNIT 3.
ACYLAMINO-ACID-RELEASING ENZYME.

2(1
2(2)
2(2)
2(1
2(2)
2(1
2(1
2(1
2(2)
2(1
2(1
2(1
2(1
2(1
2(2)
2(1
2(1
2(2)
2(1
2(1
2(1
2(1
2(2)
2(1
2(2)
2(2)
2(2)
2(1
2(1
2(1
2(2)
2(2)
2(1
2(1
2(2)
2(2)
2(2)
2(1
2(2)
2(1
2(1
2(1



1P100221222.4
1P100412579.3
1P100029750.1
1P100050211.3
IP100008669.2
IPI00011603.2
IPI00018398.4
IP100176824.1
1P100431698.1
1P100394829.1
IP100176642.3
1P100024067.1
IP100006079.1
1P100375370.1
1P100032003.1
1P100009328.2
IP100008524.1
IP100219156.2
IP100009057.1
1P100294627.1
IP100063158.1
1P100002649.1
1P100022990.1
IPI00167711.3
IPI00183526.4
1P100291467.4
1P100104050.2
1P100328343.7
IP100000192.2
IP100008380.1
IP100177366.1
IP100301503.8
IPI00033561.2
IP100215638.2
IP100216587.4
1P100301263.2
1P100420014.2
1P100002214.1
1P100306332.4
1P100021840.1
IP100013891.1
1P100026175.1

ACTIVATED RNA POLYMERASE II TRANSCRIPTIONAL COACTIVATOR P15.
60S RIBOSOMAL PROTEIN L10A.

408 RIBOSOMAL PROTEIN S24.

39 KDA PROTEIN.

38 KDA PROTEIN.

268 PROTEASOME NON-ATPASE REGULATORY SUBUNIT 3.
268 PROTEASE REGULATORY SUBUNIT 6A.

10 KDA PROTEIN.

TRANSDUCER OF REGULATED CREB PROTEIN 3.
HYPOTHETICAL PROTEIN FLJ46072.

AURORA-B

CLATHRIN HEAVY CHAIN

BCL-2-ASSOCIATED TRANSCRIPTION FACTOR 1.
SEC13-LIKE 1 (SEHIL).

EMERIN.

PROBABLE ATP-DEPENDENT HELICASE DDX4S8.
POLYADENYLATE-BINDING PROTEIN 1.

60S RIBOSOMAL PROTEIN L30.

RAS-GTPASE-ACTIVATING PROTEIN BINDING PROTEIN 2.
SPLICING FACTOR 1.

SEC16L

PININ.

STATHERIN PRECURSOR.

HYPOTHETICAL PROTEIN FLJ37437.

NUCLEOLIN (NCL).

ADP,ATP CARRIER PROTEIN, LIVER ISOFORM T2.

THRAP3

SPLICEOSOME RNA HELICASE BATI.

SON.

SERINE/THREONINE PROTEIN PHOSPHATASE 2A, CATALYTIC SUBUNIT, ALPHA
DEAH (ASP-GLU-ALA-HIS) BOX POLYPEPTIDE 15 .
ARGININE/SERINE-RICH SPLICING FACTOR 10.

SR

ATP-DEPENDENT RNA HELICASE A.

408 RIBOSOMAL PROTEIN S8.

CAD

U5 SMALL NUCLEAR RIBONUCLEOPROTEIN 200 KDA HELICASE.
IMPORTIN ALPHA-2 SUBUNIT.

60S RIBOSOMAL PROTEIN L24.

408 RIBOSOMAL PROTEIN S6.

TRANSFORMER-2 PROTEIN HOMOLOG.

IG KAPPA CHAIN V-1 REGION GM607 PRECURSOR (FRAGMENT).

2(2)
2(1)
2(1)
2(1)
2(1)
2(2)
2(1)
2(1)
75 (8)
46 (13)
34 (11)
66 (31)
239)
218 (15)
19 (8)
55(11)
72 (20)
18 (5)
17 (4)
132 (18)
1488 (82)
13 (4)
12 (5)
11(1)
10 (3)
10 (1)
86 (18)
9(6)
905
9(4)
26 (10)
26 (4)
17 (3)
17.(7)
24 (8)
16 (10)
8(4)
803)
8(2)
805
14 (5)
7(1)

1(1)
1(1)
1(1)
2(2)
1(1)
11(4)
1(1)
32
403)
1(1)
1(1)
8(4

157 (43)

1(1)
1(1)
1(1)
1(1)
1(1)
94
1(1)
1(1)
1(1)
313
32
2(2)
2(2)
3D
2(2)
1(1)
1(1)
1(1)
1(1)
2(2)
1(1)



IPI00179187.3
1P100063242.3
IPI00007765.5
IP100000643.1
1P100003362.1
1P100304925.1
1P100022202.3
1P100299573.9
1P100027834.3
IPI00000494 .4
IPI00013944.2
IP100011457.1
IP100003865.1
1P100012535.1
IP100003519.1
1P100300371.3
1P100030320.3
1P100012442.1
1P100289601.8
1P100022891.2
1P100012750.3
1P100024933.3
1P100019502.1
1P100301277.1
IPI00012345.2
1P100023785.3
1P100029628.1
1P100026167.1
1P100010740.1
IPI00007188.4
IPI00003918.4

DNAJHOMOLOG SUBFAMILY A MEMBER 3, MITOCHONDRIAL PRECURSOR.

HYPOTHETICAL PROTEIN MGC5352.

STRESS-70 PROTEIN, MITOCHONDRIAL PRECURSOR.

BAG-FAMILY MOLECULAR CHAPERONE REGULATOR-2.

78 KDA GLUCOSE-REGULATED PROTEIN PRECURSOR.

HEAT SHOCK 70 KDA PROTEIN 1.

PHOSPHATE CARRIER PROTEIN, MITOCHONDRIAL PRECURSOR.
60S RIBOSOMAL PROTEIN L7A.

HETEROGENEOUS NUCLEAR RIBONUCLEOPROTEIN L ISOFORM A .
60S RIBOSOMAL PROTEIN LS.

HETEROGENEOUS NUCLEAR RIBONUCLEOPROTEINS C1/C2.
WUGSC:H_RG054D04.1 PROTEIN.

HEAT SHOCK COGNATE 71 KDA PROTEIN.

DNAJ HOMOLOG SUBFAMILY A MEMBER 1.

116 KDA U5 SMALL NUCLEAR RIBONUCLEOPROTEIN COMPONENT.
SPLICING FACTOR 3B SUBUNIT 3.

PROBABLE ATP-DEPENDENT RNA HELICASE P54.
RAS-GTPASE-ACTIVATING PROTEIN BINDING PROTEIN 1.

HISTONE DEACETYLASE 2.

ADP,ATP CARRIER PROTEIN, HEART/SKELETAL MUSCLE ISOFORM T1.
40S RIBOSOMAL PROTEIN S25.

60S RIBOSOMAL PROTEIN L12.

MYOSIN HEAVY CHAIN, NONMUSCLE TYPE A.

HEAT SHOCK 70 KDA PROTEIN 1L.

SRP55-1 OF SPLICING FACTOR, ARGININE/SERINE-RICH 6.
HYPOTHETICAL PROTEIN DKFZP761H2016.

RETICULOCALBIN 2 PRECURSOR.

NHP2-LIKE PROTEIN 1.

SPLICING FACTOR, PROLINE-AND GLUTAMINE-RICH.

ADP,ATP CARRIER PROTEIN, FIBROBLAST ISOFORM.

60S RIBOSOMAL PROTEIN L4.

7(3)
32 (6)
66 (15)
18 (7)
101 (19)
82 (13)
23 (5)
34 (8)
17 (8)
11(5)
59 (10)
21(5)

308 (28)

15 (5)
15 (8)
10 (6)
10 (6)

5(3)

5(2)

5(1)

5(3)
34 (7)
24 (18)
47 (4)
14 (2)
27 (11)

9(3)

9(2)
47 (12)
46 (8)
25 (12)

1(1)
5(2)
11 (4)
3(1)
17 (10)
14 (4)
4(1)
6(3)
303)
2(1)
11(5)
4(2)
61 (19)
3(2)
33)
2(2)
2(1)
1(1)
1(1)
1(1)
1(1)
7(4)
50)
10 (4)
3(2)
6(3)
2(1)
2(1)
11(3)
11 (4)
6(3)



