Research

Nuclear Matrix Proteome Analysis of
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The nucleus is a highly structured organelle and contains
many functional compartments. Although the structural
basis for this complex spatial organization of compart-
ments is unknown, a major component of this organiza-
tion is likely to be the non-chromatin scaffolding called
nuclear matrix (NuMat). Experimental evidence over the
past decades indicates that most of the nuclear functions
are at least transiently associated with the NuMat, al-
though the components of NuMat itself are poorly known.
Here, we report NuMat proteome analysis from Drosoph-
ila melanogaster embryos and discuss its links with nu-
clear architecture and functions. In the NuMat proteome,
we found structural proteins, chaperones, DNA/RNA-
binding proteins, chromatin remodeling and transcription
factors. This complexity of NuMat proteome is an indica-
tor of its structural and functional significance. Compari-
son of the two-dimensional profile of NuMat proteome
from different developmental stages of Drosophila em-
bryos showed that less than half of the NuMat proteome is
constant, and the rest of the proteins are stage-specific
dynamic components. These NuMat dynamics suggest a
possible functional link between NuMat and embryonic
development. Finally, we also showed that a subset of Nu-
Mat proteins remains associated with the mitotic chromo-
somes, implicating their role in mitosis and possibly the
epigenetic cellular memory. NuMat proteome analysis pro-
vides tools and opens up ways to understand nuclear or-
ganization and function.  Molecular & Cellular Proteomics
9:2005-2018, 2010.

The eukaryotic cell nucleus contains a number of structural
features like heterochromatin, nucleolus, nuclear lamina, and
nuclear territories and functional features like transcription
foci, replication foci, Cajal bodies, stress-induced foci, etc.
(1-7). Packaging of the genome on the other hand also results
in non-random distribution of a variety of structural features
like chromatin domains that help to regulate expression of
genes (8). How these complex structural and functional do-
mains are established and maintained is not known. It is likely
that the non-chromatin scaffolding called nuclear matrix (9)
plays an important role in this process. Nuclear matrix
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(NuMat)" mainly consists of the nuclear lamina, the nucleolar
remnants, and an internal nuclear meshwork of fibers of un-
known constitution that can be seen by electron microscopy
(10). These fibers have ultrastructural features reminiscent of
intermediate filaments of the cytosol (11). The protein compo-
nent of nucleoplasmic filaments, however, is largely unknown.
Earlier studies on a few proteins isolated from nuclear matrix
from different organisms have shown them to be DNA- and
RNA-binding and structural components of the nuclear pore
complex (12), enzymes (13), and nuclear membrane proteins
(14). This diversity among the small number of identified NuMat
constituents reflects the link of nuclear architecture with the
variety of nuclear functions. The importance of NuMat constit-
uents in nuclear processes has been apparent for a long time,
and several studies have been carried out to identify the pro-
teins of this complex structure in different organisms (15-18).
Major advancements in the field of proteomics now provide
further scope for extensive analysis of NuMat in this context.

Here, we present a comprehensive analysis of the NuMat
proteome of Drosophila melanogaster. NuMat preparations
from D. melanogaster embryos were separated by one-di-
mensional gel electrophoresis, and the proteins were identi-
fied by LC-MS/MS. We also report a remarkable variation in
the NuMat proteome depending on developmental stages,
indicating a link between embryonic development and nuclear
architecture. Finally, immunostaining using antibody against
NuMat components points to a link between the nuclear
architecture and epigenetic cellular memory.

MATERIALS AND METHODS

Drosophila S2 Cell and Embryo Collections—S2 cells were grown
on Schneider’s medium (Himedia Laboratories) with 10% fetal bovine
serum and penicillin and streptomycin antibiotics. Embryos were
collected on plates containing solidified fly food base streaked with
yeast paste in boxes containing Canton S flies. Embryos were col-
lected after 16 h (0-16 h). For developmental stage-specific analysis,
0-2-, 6-8-, and 14-16-h embryos were collected.

NuMat Preparation from Drosophila Embryos—D. melanogaster
embryos were collected after 16 h and dechorionated with 50%

" The abbreviations used are: NuMat, nuclear matrix; Pl, propidium
iodide; MAR, matrix-associated region; ABC, ammonium bicarbonate;
BEAF, boundary element associated factor; PRIDE database = Acces-
sion Numbers 12879-12896; Supplemental Table 1 is list of proteins
with 2 or more unique peptide hits, Supplemental Table 2 is list of single
peptide hits. Supplemental Data files 1, 2, 3 & 4 provide spectra of single
peptide hits.
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Chlorex (4-6% sodium hypochlorite) to remove chorion for 5 min.
After washing thoroughly under running water, embryos were homog-
enized in 0.25 M sucrose in nuclear isolation buffer (15 mm Tris, pH
7.4, 40 mm KCI, 1 mm EDTA, 0.1 mm EGTA, 0.1 mm PMSF, 0.25 mm
spermidine) and filtered through Miracloth (Calbiochem). The filtrate
obtained was spun at 600 X g for 2 min to remove the debris. The
supernatant was adjusted to 1.8 M sucrose and centrifuged at 6000 X
g toisolate the nuclear pellet. The pellet was washed by resuspending
in nuclear isolation buffer containing 0.25 M sucrose and spinning at
3000 X g for 10 min. The nuclear pellet was incubated in digestion
buffer (20 mm Tris, pH 7.4, 20 mm KCI, 70 mm NaCl, 10 mm MgCl,,
0.125 mm spermidine, 0.1 mm PMSF, 0.5% Triton X-100, and 40
units/ul DNase I) at 4 °C for 1 h. Digestion was followed by extraction
with 0.4 m NaCl for 5 min and after increasing the concentration to 2
M NaCl extraction for an additional 5 min in extraction buffer (10 mm
Hepes, pH 7.5, 4 mm EDTA, 0.25 mm spermidine, 0.1 mm PMSF, 0.5%
Triton X-100). The final pellet after extraction was washed twice with
wash buffer (5 mm Tris, 20 mm KCI, 1 mm EDTA, 0.25 mm spermidine,
0.1 mm PMSF) 5 min each time. After washing, the pellet was stored
at —70 °C or used for further analysis.

NuMat Preparation from S2 Cells on Microscopic Glass Slides—
Approximately 10* cells were spun onto microscopic glass slides with
a Cytospin at 900 rpm for 10 min. The cells attached to the glass
slides were washed with PBS. Attached cells were extracted with 2 m
NaCl extraction buffer to prepare halos. DNase | digestion was carried
out on halos as described above to get NuMat. At all the stages, the
samples were fixed with 4% formaldehyde and washed before pro-
ceeding for immunostaining and imaging.

Difference Gel Electrophoresis (DIGE)—Three samples of 25 ug of
NuMat proteins, each from three different stage embryo collections,
were labeled with CyDye DIGE Fluor (Amersham Biosciences) ac-
cording to the manufacturer’s specifications. For two-dimensional gel
electrophoresis, NuMat proteins were solubilized in rehydration buffer
(8 M urea, 2% CHAPS, 50 mm DTT). 11-cm IEF strips (3-10 pH range
ReadyStrip™, Bio-Rad) were soaked in rehydration buffer containing
proteins at 20 °C overnight. Isoelectric focusing was carried out at
8000 V until 45,000 V-h. Second dimension protein separation was
done by SDS-PAGE. The gels were scanned using a Typhoon Trio
scanner (Amersham Biosciences).

Gel Electrophoresis and In-gel Digestion for LC-MS/MS—For each
LC-MS/MS experiment, 200 ng of the nuclear matrix preparation was
fractionated by 12% SDS-PAGE. The gels were stained with Coo-
massie Brilliant Blue (R-250) for 1 h, destained, and washed with
Milli-Q water several times. Each gel lane was sliced into several
pieces and washed three times for 30 min each in 50% acetonitrile
(ACN) with 25 mm ammonium bicarbonate (ABC), pH 8.0 to remove
excess Coomassie stain. One final wash was done with 50% ACN, 10
mm ABC to remove excess salt. After the washings, the gel slices
were soaked in 100% ACN for 5 min to dehydrate the gels. Excess
ACN was removed, and the gel slices were vacuum-dried for 30 min.
The dried gels were rehydrated and trypsinized with 30 ul of cold
trypsin (Promega) solution (10 ug/ml in 25 mm ABC, pH 8.0) and
incubated at 37 °C for 16 h. The tryptic peptides were extracted by
soaking the gel slices in 50 ul of 50% ACN, 5% trifluoroacetic acid
(TFA) for 60 min with gentle agitation at room temperature. The
supernatant was collected and transferred to a second clean micro-
centrifuge tube. The gels were extracted again with another 50-pul
aliquot of 50% ACN, 5% TFA for 60 min. The two extracts were
pooled and vacuum-dried to complete dryness for about 1 h. Before
loading, the samples were reconstituted in 12 ul of 5% ACN, 0.1%
formic acid.

LC-MS/MS Analysis— All LC-MS/MS experiments were carried out
on an ESI mass spectrometer with a linear ion trap mass analyzer
(LTQ-IT, Thermo Fischer, Waltham, MA) equipped with a Finnigan

Surveyor MS Pump Plus. 10 ul of the sample was loaded with a
constant flow of 2 ul/min onto a reverse phase Micro LC column (Bio
Basic C,5, Thermo Fischer). Peptides were eluted on a gradient of 120
min for each gel slice starting with 100% water for the first 20 min in
which 10 min were for retention of peptides in water. The acetonitrile
gradient was set from 0 to 100% over the next 90 min followed by a
100% water wash for the last 10 min. Chromatographically separated
peptides were sprayed through a 20-cm metal needle emitter, and the
mass spectrometer was operated in the data-dependent mode to
acquire MS and MS/MS spectra, switching automatically between
MS and MS/MS modes. One full MS scan from 200 to 2000 m/z
followed by seven data-dependent MS/MS scans was recorded. The
electrospray voltage was set at 4.0 kV, and the capillary temperature
was set at 200 °C. The peptides were fragmented using CID with a
normalized collision energy of 35%. The top seven peptide precursor
ions were selected for MS/MS analysis. The raw files acquired were
compiled and subjected to bioinformatics analysis.

Bioinformatics Analysis—The mass spectra obtained were searched
against the protein sequences of the D. melanogaster assembly 5.2
obtained from NCBI (20,513 proteins) using the SEQUEST algorithm
incorporated in the BioWorks Browser (Version 3.2 EF2, Thermo
Electron Corp.) (19). Enzyme specificity was set to full trypsin diges-
tion with only one missed cleavage. Methionine oxidation was set as
a variable modification. The other parameters were set as follows:
precursor ion tolerance was 1 amu, and fragment ion tolerance was
0.35 amu.

Peptide identifications were accepted if they passed the following
filter criteria: ACN value of 0.100; Rsp of 5; Xcorr versus charge values
of 1.90 (1+ charge), 2.20 (2+ charge), and 3.30 (3+ charge); and
protein probability of 0.001. An in-house program was used to re-
move redundant peptides and retrieve data from FlyBase (a database
for Drosophila genetics and molecular biology). Protein identifications
were accepted only if they contained at least two unique peptides
Supplemental Table 1. We also found multiple isoforms of several
proteins, but because no isoform-specific peptide was detected, we
considered isoforms of one protein as a single entry in our count for
NuMat proteome. Single peptide hits are listed in Supplemental
Table 2 and the corresponding spectra are provided in Supplemental
data files 1, 2, 3 & 4.

Antibodies and Immunostaining— Drosophila embryo NuMat (0-16
h) was solubilized in 6 m guanidinium chloride in PBS and serially
dialyzed against 3, 1.5, 0.75, and 0.36 M guanidinium chloride, and the
insoluble fractions were collected. Rats were immunized against
these insoluble fractions of the NuMat. Antisera were used for immu-
nostaining 0-2-h D. melanogaster embryos following a published
protocol (20).

RESULTS

NuMat Preparation and Quality Control—NuMat is a com-
plex structure that contains proteins, RNA, and matrix-asso-
ciated regions (MARs) of genomic DNA. We modified slightly
the work flow of existing NuMat extraction protocols (Fig. 1A)
and introduced several quality control checks to ensure a
consistent NuMat preparation. As shown in Fig. 1B, NuMat
preparations are enriched in high molecular weight proteins.
The most reliable criterion for good NuMat preparation is the
presence of known NuMat proteins and the absence of non-
NuMat proteins in Western blot (Fig. 1C) analysis. The nuclear
versus NuMat proportion of RNA, DNA, and proteins is yet
another relatively convenient parameter for reliable prepara-
tion (21). Retention of RNA (~45%), a small fraction of DNA
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Fic. 2. RNA and lamin are components of S2 cell NuMat. A, DAPI and PI are seen staining the entire nuclear volume in the whole cell,
whereas DNA is seen around the nucleus after extraction in halos, and DAPI signal is lost in the NuMat, indicating complete chromatin
digestion. Pl staining, which stains both DNA and RNA, persists in NuMat, indicating the presence of RNA component. TR is the
transmission microscopic image. B, lamin shows nuclear rim staining in the whole cell, whereas in halos and NuMat the internal meshwork
of lamin is accessible for staining. The absence of DAPI signal in NuMat indicates efficient removal of chromatin, leaving clean NuMat in

the preparation. Scale bars, 5 micron.

(~0.92%), and proteins (~10%) in the NuMat preparation
from Drosophila cells/embryos is considered acceptable (21).
The quality of the NuMat preparation used for proteomics
analysis was confirmed by PAGE (Fig. 1) and Western analy-
sis. Known NuMat proteins like BEAF and lamin are positive
controls, and histone (H3) is a negative control. Histones are
eluted out in salt washes and are, therefore, not retained in
matrix, whereas high molecular weight proteins get enriched
(Fig. 1C). Finally, we used the cell biology criteria for a good
NuMat preparation by looking for the shape of the nuclear
structures, the presence of RNA as seen by propidium iodide
(PI) stain, and an undetectable amount of DNA in the DAPI-
stained preparations (Fig. 2A). Distribution of lamin was
checked by immunostaining of S2 cell and NuMat prepara-
tions. In S2 whole cells, lamin showed nuclear rim staining,
whereas in NuMat preparations it was seen forming a fibrous
network (Fig. 2B). It has been shown earlier that an internal
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Fic. 3. Two-dimensional gel protein profile of NuMat prepared
from 0-16-h embryos. About 200 protein spots can be detected
by two-dimensional gel electrophoresis. The size of the proteins
ranged from 100 to 14 kDa, and the pl of the spots ranged from 3
to 10.
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Fic. 4. Annotated MS/MS spectrum of BEAF32B. The figure shows the peptide and fragment assignment table as an inset in the spectrum.
The x axis and the y axis in the spectrum represent the m/z and the relative abundance, respectively. The matching A, B, and Y ions in the
spectrum are highlighted in green, red, and blue, respectively, in the fragment assignment table.

lamin network is visualized by immunostaining only after the
removal of chromatin from the nucleus (22).

NuMat Proteome of D. melanogaster—Several hundred
spots were detected by two-dimensional gel electrophoresis
of NuMat proteins, indicating the complexity of the NuMat
proteome (Fig. 3). NuMat of 0-16-h embryos gave ~200
spots when counted on a Coomassie Brilliant Blue-stained
two-dimensional electrophoresis gel. By LC-MS/MS analysis,
the nuclear matrix proteome profile of 0-16-h embryos was
identified as described under “Materials and Methods.” An
annotated MS/MS spectrum is shown as representative of
these data (Fig. 4). Two biological replicates as well as tech-
nical replicates were used for the study, and it was found that
65% of the proteins were reproducibly detected in the
experiments. However, the total number of proteins pre-
sented in this study (354 proteins) is inclusive of both lists
(supplemental Tables 1 and 2). The molecular functions, bio-
logical processes, and cellular component for each protein
were assigned based on gene ontology classification (23). The
homologues of each protein were searched in the NCBI
HomoloGene database (24). We found that of 354 proteins
167 were identified by two or more unique peptides, and
these were classified according to their known or putative
function based on sequence signatures (Table | and supple-
mental Table 1). Major classes that emerged from this analysis
reflect the rich variety of factors associated with NuMat, indi-
cating its involvement in diverse functions. Of the proteins
identified in the NuMat preparation, 21% were structural pro-
teins of the nucleus, 12% were heat shock proteins/chaper-
ones and related proteins, whereas 5% were DNA/RNA-bind-
ing proteins, and 9% were chromatin remodeling complexes
or transcription-related proteins. 8% of the proteome has
proteins implicated in RNA processing, translation, signal
transduction, and trafficking; 23% were ribosomal; and 2%
were mitochondrial proteins, which may be cytoplasmic con-

taminants or may have hitherto unknown roles in the nucleus.
The presence of actin and related proteins in our preparation
reinforces their role in nuclear architecture (25). It is likely that
many of the structural features of NuMat are dependent on
these kinds of proteins. We also found a number of heat
shock proteins and chaperones. Earlier studies have shown
that HSC3 and HSC4 co-immunoprecipitate and genetically
interact with Polycomb group proteins (26, 27), indicating their
regulatory function mediated by chromatin modulation. The
presence of these proteins in the nuclear matrix provides a
possible structural basis for PcG protein compartmentaliza-
tion and function.

The interaction of chromatin and NuMat is mediated by
AT-rich regions of DNA known as MARs (28). The DNA-bind-
ing proteins in our analysis (Table I) are good candidates to
specifically bind to MARs. Because RNA is an integral part of
NuMat (29-31), the RNA-binding proteins identified in our
analysis (Table 1) similarly present potential factors that stabi-
lize NuMat RNA in its nuclear structural framework. Many
biological processes have been found to be associated with
NuMat and MARs, including replication of DNA (32) and tran-
scription (33). Chromatin remodeling and transcription factors
that appear in the NuMat preparation may provide the struc-
tural link between the nuclear architecture and chromatin
dynamics. Finally, targeting a protein/RNA to a specific com-
partment of the nucleus needs precise trafficking of these
macromolecules. NuMat and its associated proteins are likely
to be involved in the nuclear transport and may also play a
vital role by providing a scaffold for the transport machinery.
In addition, post-translational modifications appear to be im-
portant for NuMat proteins (21, 22). The presence of protein
kinases in the NuMat may be relevant in this context.

As is clear from the two-dimensional profiles in Fig. 3, the
NuMat proteome is much more complex than the 167 proteins
analyzed here. Indeed, we indeed identified 187 additional
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TABLE |
List of NuMat proteins identified by LC-MS/MS
F, fungi, including Saccharomyces cerevisiae, Schizosaccharomyces pombe, and Dictyostelium discoideum; P, plants, including Oryza sativa
and Arabidopsis thaliana; W, worms, including Caenorhabditis elegans and Caenorhabditis briggsae; |, insects, including Anopheles gambiae;
V, vertebrates, including Danio rerio and Takifugu rubripes; H, Homo sapiens. KH domain, K Homology domain

GENE PROTEINID | PROTEIN NAME Homologues
L. Nuclear membrane/ Nuclear pore/ Structural protein

1 Act57B NP_523800 Actin 57B CG10067-PA I |% |3
2 Act5C NP 511052 Actin 5C CG4027-PB W[l |V|H
3 alpha-Spec NP_476739 alpha Spectrin CG1977-PA WI|Il|V|H
-+ beta-Spec NP_523388 beta Spectrin CG5870-PA W[l |[V]|H
5 alphaTub67C NP_524009 alpha-Tubulin at 67C CG8308-PA I
6 alphaTub84B NP_476772 alpha-Tubulin at 84B CG1913-PA W|Il|V|H
7 betaTub56D NP_523795 beta-Tubulin at 56D CG9277-PB PIW|[I|V|H
8 betaTub60D NP 523842 beta-Tubulin at 60D CG3401-PA I H
9 betaTub85D NP_524290 beta-Tubulin at 85D CG9359-PA Pl W VIH
10 betaTub97EF NP_651606 beta-Tubulin at 97EF CG4869-PA I
11 Cpr64Ad NP_647875 Cuticular protein 64Ad CG1259-PB I
12 Ccp84Ag NP_649677 Ccp84Ag CG2342-PA
13 TwdID NP_651492 CG14243 CG14243-PA
14 CG7262 NP_650404 CG7262 CG7262-PA PIW|[I|[V|H
15 Arm NP_476666 armadillo CG11579-PA W|IT|V|H
16 Che NP 477042 Clathrin heavy chain CG9012-PA PIWI|I|V|H
17 Cg25C NP_723046 Collagen type IV CG4145-PC W|Il|V|H
18 Dhc64C NP_523929 Dynein heavy chain 64C CG7507-PA W|Il]|V|H
19 Mhce NP_723999 Myosin heavy chain CG17927-PC WI|Il|V|H
20 Kst NP_001097492 | karst CG12008-PD - I -
21 LBR NP 726114 Lamin B receptor CG17952-PC I
22 LamC NP_523742 Lamin C CG10119-PA V| H
23 Lam NP_476616 Lamin CG6944-PA W|Il]|V|H
24 LanA NP_476617 Laminin A CG10236-PA W|Il|V|H
25 LanB2 NP_524006 Laminin B2 CG3322-PA Wil E |V |H
26 Mtor NP_477067 Megator CG8274-PA P I el
27 Msps NP_732105 mini spindles CG5000-PA PIWI|I1|V|H
28 | Mask NP_788733 d";;’:ﬁ'%g‘g{ h“;;'ffats singie KM p I
29 Prm NP_729405 Paramyosin CG5939-PB W
30 | kg NP_477190 viking CG16858-PA I
31 | Nupls4 NP_477287 Nup154 CG4579-PA PlW|I|V]|H
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TABLE |—continued

32 Nup107 NP_609446 Nup170 CG6743-PA I |V|H
33 Nup358 NP_651361 Nup358 CG11856-PA
34 Nup98 NP_651187 Nup98 CG10198-PA P I H
35 Ote NP_476664.2 Otefin CG5581-PA

II. Heat shock protein activity/ ATPase activity/ Protein folding/ Chaperone activity/ Enzymes
1 Cctgamma NP_650572 Cctgamma CG8977-PA F|IP|W]|I|V|H
2 CG5525 NP_609579 CG5525 CG5525-PA FIP|{W|I1|V|H
3 CG7033 NP_572524 CG7033 CG7033-PA F(P{W]|I1|V]|H
4 Tep-leta NP_649835 CG8351 CG8351-PA FIPIW|I|V|H
5 Cypl NP_523366 Cyclophilin 1 CG9916-PA F|P [ | V| H
6 Eno NP_722721 Enolase CG17654-PB FIP|{W|I|V|H
7 FK506-bpl NP_524364 FK506-binding protein 1 CG6226-PA | F | P I
8 Hsp26 NP_523997 Heat shock protein 26 CG4183-PA
9 Hsp27 NP 524000 Heat shock protein 27 CG4466-PA
10 Hsp83 NP_523899 Heat shock protein 83 CG1242-PA P I H
11 | Hsc70-1 NP 524063 gégf;;';‘_’;ip“’tei" Sognats 1 F|p
12 | Hsc70-3 NP 511132 gg:‘l j';‘f;'épm‘e’“ Capnte 2 Flp|wl|1|Vv]|H
13 | Hsc70-4 NP 788679 ggi;g’;‘_’;‘gpmte‘“ cogasts 4 Flp 1]v
14 Hsp70Aa NP _731651.1 pH;at-shock-protem—?OAa CG31366- Flp vIH
15 Tcp-1zeta NP_573066 lethal (1) G0022 CG8231-PA F(P|{W]|I|V|H
16 Ppn NP_788751 Papilin CG33103-PB I |V |H
17 Pgk NP_476676 Phosphoglycerate kinase CG3127-PA | F WI|Il|[V]|H
18 | Rpt4 NP 572308 Rpt4 CG3455-PA F W|I|V|H
19 Cct5 NP_523707 T-complex Chaperonin 5 CG8439-PA | F WI[I|V|H
20 Zip NP_001014552 | zipper CG15792-PD F W|Il|V|H

III. DNA/RNA binding/ Helicase/ Mitotic scaffolding associated

1 CG10077 NP_648062 CG10077 CG10077-PA F(P|{W]|I|V|H
2 | Gnfl NP_001014605 ggmg‘_‘;g‘ans""p“"“ factor 1 F 1lv
3 Hel25E NP_723091 Helicase at 25E CG7269-PC F|P I|V|H
4 polybromo NP_651288 polybromo CG11375-PA WI|Il|[V]|H
5 Prod NP_725841 proliferation disrupter CG18608-PA
6 SMCI NP_651211 SMCI1 CG6057-PA F(P|{W|I|V|H
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TABLE |—continued

terribly reduced optic lobes CG33950-

7 Troll NP_001027038 PF I
8 Top2 NP_476760 Topoisomerase 2 CG10223-PA I {V|H
9 Pzg NP_649297 Z4 CG7752-PA I
IV. Chromatin remodeling/ General transcription factor activity/ Histone modification
Brahma associated protein 55kD
1 Bap55 NP_611209 CG6546-PA P I
2 Brm NP_536746 brahma CG5942-PA FIP|W|I H
DNA replication-related element
3 Dref NP_523529.1 factor CG5838-PA
+ E(bx) NP_728507 Enhancer of bithorax CG32346-PA |V
5 His4r NP_731927 Histone H4 replacement CG3379-PA PIWI|IT|[V
6 Iswi NP_523719 Imitation SWI CG8625-PA F Wl |V|H
7 Lid NP_523486 little imaginal discs CG9088-PA I H
8 Mi-2 NP_001014591 | Mi-2 CG8103-PB PIW|I|[V|H
9 Mor NP_524373 moira CG18740-PA F WI|I|V|H
10 Nipped-B NP 001036452 | Nipped-B CG17704-PE I | V|H
11 Rabl NP_732610 Rab-protein 1 CG3320-PA F WIlIl|V|H
12 Sry-delta NP_524581 Serendipity delta CG17958-PA
Suppressor of variegation 205
13 Su(var)205 NP_476755 CG8409-PA I|V|H
Suppressor of variegation 3-7
14 Su(var)3-7 NP_524342.3 CG8599-PA
15 CG9775 NP_649482.2 CG9775 CG9775-PA
V. RNA processing/ Translation/ Protein targeting/ Transport/Signal transduction
1 14-3-3epsilon NP_732309 14-3-3epsilon CG31196-PA F|[P I|{V|H
s 14-3-3zeta NP_476885 14-3-3zeta CG17870-PD WIlIl|V|H
. CG8939 NP_573099 CG8939 CG8939-PA F W|Il|V|H
+ Eflgamma NP_733280 Efigamma CG11901-PB F WI|Il|V|H
Elongation factor 1alphal 00E
3 Eflalphal 00E NP_524611 CG1873-PA I | V|H
Elongation factor 1alpha48D
6 Eflalphad48D NP_477375 CG8280-PA F WI|Il|V|H
7 Ef2b NP_525105 Elongation factor 2b CG2238-PA F Wl |V
8 Fib NP_523817 Fibrillarin CG9888-PA FIP|{W|I|V|H
9 Hoip NP_524714 hoi-polloi CG3949-PA FIP|W|[I|V|H
10 lark NP_729237.1 lark CG8597-PB
11 nop5 NP_477412 nopS CG10206-PA FIP[{W|I|V|H

Molecular & Cellular Proteomics 9.9 2011




Drosophila Nuclear Matrix Proteome

TABLE |—continued

12 ran NP_727499 ran CG1404-PB FIP|W|T|V|H
5 [rabe e sas | Remid st acid inding |

14 Rm62 NP_524243 Rm62 CG10279-PA F I |V|H

VI. Ribosome/ Mitochondrial
1 blw NP_726243 bellwether CG3612-PA FIP{W]|IT|V]|H
Heterogeneous nuclear
2 Hrb27C NP_476869 ribonucleoprotein at 27C CG10377- I|VI|H
PA

3 I(1)GO156 NP_573388 lethal (1) GO156 CG12233-PA FIP[{W|I]|V|H
4 Nop56 NP_651040 Nop56 CG13849-PA FIP|{W|I|V|H
5 Qm NP_730773 Qm CG17521-PB PIW|I|V|H
6 RpL11 NP_477054 Ribosomal protein L11 CG7726-PA F(P[{W|I|V|H
T RpL13 NP_523530 Ribosomal protein L13 CG4651-PA FIP|W|I|V|H
8 RpL14 NP_523975 Ribosomal protein L14 CG6253-PA FIP|{W|I|V|H
9 RpL15 ]\IIP—OOIOISI% Ribosomal protein L15 CG17420-PB | F [P (W |1 |V |H
10 RpL17 NP_727119 Ribosomal protein L17 CG3203-PB FIP|{W|I|V|H
11 RpL18 NP_648091 Ribosomal protein L18 CG8615-PA FIP{W|I|V|H
12 RpL18A NP_523774 Ribosomal protein L18A CG6510-PA I

13 RpL21 NP_610144 Ribosomal protein L21 CG12775-PA I

14 RpL22 NP_477134 Ribosomal protein L22 CG7434-PA FIP{W|I|V|H
15 RpL23A NP_523886 Ribosomal protein L23A CG7977-PA PIW|IT|V|H
16 RpL24 NP_609649 Ribosomal protein L24 CG9282-PA FIP[{W]|IT|V]|H
17 RpL27 NP_651417 Ribosomal protein L27 CG4759-PA FIP|{W|I|V|H
18 RpL3 NP_524316 Ribosomal protein L3 CG4863-PA F(P{W]|IT]|V]|H
19 RpL38 NP_001036440 | Ribosomal protein L38 CG18001-PA PIW|I|[V|H
20 RpL4 NP_524538 Ribosomal protein L4 CG5502-PA P|W|I|[V|H
21 RpLS5 NP_001036390 | Ribosomal protein L5 CG17489-PC FIP|{W]|IT|V]|H
22 RpL6 NP_651876 Ribosomal protein L6 CG11522-PB FIP|{W|I|V]|H
23 RpL7 NP_523531 Ribosomal protein L7 CG4897-PA F|P IV

24 RpL7A NP_727094 Ribosomal protein L7A CG3314-PA PIWI|I

25 RpL8 NP_524726 Ribosomal protein L8 CG1263-PA FIP|W|I1|V|H
26 RpL9 NP 477161 Ribosomal protein L9 CG6141-PA I

27 RpS13 NP_476938 Ribosomal protein S13 CG13389-PA | F [P (W |1 |V |H
28 RpS17 NP_524002 Ribosomal protein S17 CG3922-PB I | V|H
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TABLE |—continued

29 RpS20 NP_524421.1 Ribosomal protein S20 CG15693-PA | F [P (W |1 | V| H

30 RpS23 NP_610939 Ribosomal protein S23 CG8415-PA F|P|W V|H

31 RpS26 NP 724109 Ribosomal protein S26 CG10305-PA | F |P|W | I |V |H

32 RpS3 NP_476632 Ribosomal protein S3 CG6779-PA FIP|W|I|V|H

33 RpS3A NP 524618 Ribosomal protein S3A CG2168-PA FIP|IW|I|[V|H

34 RpS4 NP_729871 Ribosomal protein S4 CG11276-PA FIPIW|IT|[V]|H

35 RpS6 NP_511073 Ribosomal protein S6 CG10944-PB FIP|W|I|V|H

36 RpS7 NP_996312 Ribosomal protein S7 CG1883-PD FIP|{W|I|V|H

37 RpS8 NP_651740 Ribosomal protein S8 CG7808-PC FIP|W VI|H

38 RpS9 NP_524004 Ribosomal protein S9 CG3395-PA FIP|W|I|V|H

39 T-cpl NP _732748 Tepl-like CG5374-PB FIP|IW|I|V|H
VII. Others

1 CAP NP_724913.2 CAP CG18408-PB

2 CG10139 NP_610976.1 CG10139 CG10139-PA

3 CG14215 NP_608340.2 CG14215 CG14215-PA

4 CG2199 NP_728599.1 CG2199 CG2199-PB

5 CG4877 NP_648889.2 CG4877 CG4877-PB

6 CG8436 NP_649875.1 CG8436 CG8436-PA

7 CG9740 NP_649874.1 CG9740 CG9740-PA

8 CG11943 NP_728308 CG11943 CG11943-PB PIWI|I|V|H

9 CG14095 NP 649112 CG14095 CG14095-PA

10 TwdIF NP_649443 CG14639 CG14639-PA

11 CG3287 NP_724502 CG3287 CG3287-PB W

12 CG4738 NP_609493 CG4738 CG4738-PA V|H

13 TwdIM NP_651484 CG5468 CG5468-PA

14 TwdIN NP_733160 CG5476 CG5476-PA

15 CG5857 NP_651191 CG5857 CG5857-PA I|V]|H

16 TwdIB NP_651486 CG6478 CG6478-PA

17 CG8108 NP_648367 CG8108 CG8108-PB I

18 CG8414 NP_611084 CG8414 CG8414-PA I

19 CG8771 NP_610810 CG8771 CG8771-PA I [V |H

20 gp210 NP_610184 gp210 CG7897-PA WI|Il|V|H

N R T e .

22 His2A:CG31618 | NP_724343.1 His2A:CG31618 CG31618-PA P I H

23 His2B:CG33910 | NP_001027283 | His2B:CG33910 CG33910-PA [ |V|H
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TABLE |—continued

24 His3.3B NP 511095 Histone H3.3B CG8989-PA P|W]|I H
25 Hrp59 NP_649899 Hrp59 CG9373-PA I H
" 5 " jing interacting gene regulatory 1
26 jigrl NP_733112.1 CG17383-PA
27 1(2)k09022 NP_609079 1(2)k09022 CG10805-PA PlW]|I H
" : " no mechanoreceptor potential A
28 nompA NP_725030 CG13207-PC Wl
Replication-factor-C 40kD subunit

2 2
29 RfC40 NP_523915 CG14999-PA FIP|W]I H
30 SP1070 NP_609091 SP1070 CG9138-PA W
31 TER94 NP_477369 TER94 CG2331-PA FIP|W]I H
32 Tiggrin NP_477033.1 Tiggrin CG11527-PA
33 Ypl NP 511103 Yolk protein 1 CG2985-PA
34 Yp2 NP 511102 Yolk protein 2 CG2979-PA
35 Yp3 NP 511148 Yolk protein 3 CG11129-PA

A

FiG. 5. Developmental dynamics of
NuMat proteome. A, 2-, 8-, and 16-h-
old Drosophila embryos were used for
NuMat isolation and were separated by
two-dimensional DIGE. The NuMat pro-
teome is dynamic during the develop-
ment of the embryo. B, Venn diagram to
show the distribution of spots in various
developmental stages of Drosophila em-
bryos. Up to several hundred protein
spots can be detected by DIGE, and
there are more NuMat proteins in the
early stages of development. Colors of
the circles correspond to the spot colors
in the gels.

S

proteins based on a single peptide hit (supplemental Table 2).
Although we have not included single peptide hit proteins for
extensive analysis with the proteins listed in Table |, these
proteins are highly likely to be bona fide NuMat components
as there are a number of circumstances in which a single
peptide is all one can obtain (e.g. for small proteins or much
less abundant proteins). We indeed identified one such pro-
tein, BEAF32B, by a single peptide in the present LC-MS/MS
analysis (Fig. 4) that is a known NuMat component (20) as also
shown by the Western blotting (Fig. 1C). Therefore, we think
that the number of proteins in the NuMat may be around 350,
including those from the single peptide list. Because the
proteins from the single peptide hits could also fit within the
classes of proteins in Table | (data not shown), the number of
classes of proteins is not likely to increase from what is

discussed here even with elucidation of the complete NuMat
proteome.

Developmental and Cell Cycle Dynamics of NuMat Pro-
teome—We compared the NuMat proteome from 0-2-, 6-8-,
and 14-16-h-old Drosophila embryos. Several hundred spots
were detected by DIGE (Fig. 5A). The experiment was per-
formed three times, and each time the numbers of spots were
reproducible. However, the average number rounded off to
the nearest whole number was used for further analysis.
About 40% of these proteins were present in all three stages
of D. melanogaster embryos and may be considered as the
minimal or core NuMat constituents (Fig. 5B). A significant
proportion of spots showed stage-specific association with
the NuMat (Fig. 5B). We observed a more complex NuMat
proteome in early (2-h) stages of development compared with
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FiG. 6. NuMat dynamic during mito-
sis. Immunostaining with a mixture of
NuMat antibodies in early D. melano-
gaster embryos reveals the dynamics of
NuMat in different mitotic stages. The
distribution of NuMat proteins during mi-
tosis is dynamic and follows specific
patterns during interphase (A), met-
aphase (B), and anaphase (C). A subset
of NuMat proteins stays associated
with the chromosomes during mitosis
(C) even when the nuclear envelope
and much of the nuclear matrix are
dissolved.

Drosophila
embryo

Merge

Inset zoomed

8-h and late stage (16-h) NuMat proteomes. Although 17, 8,
and 9% of protein spots were specific to the NuMat proteome
of 2-, 8-, and 16-h embryos, respectively, there are a consid-
erable number of proteins that are common to more than one
stage. For instance, intersections of different developmental
stages show that 11% of protein spots are present in very
early stages, whereas they disappear at the 8-h stage and
reappear in late stages of development. Further studies will be
needed to molecularly and functionally characterize these
classes of proteins to put them in the context of nuclear
architecture and embryonic development.

We followed the fate of NuMat during mitosis by immuno-
staining the early Drosophila embryos with NuMat mixture
antibodies. The breakdown of the nuclear envelope and lamin
structure shows that NuMat is dynamic during cell division.
During interphase the NuMat antigens are present at the
envelope and interior of the cell nuclei (Fig. 6A), whereas they
form spindle-like structures during metaphase (Fig. 6B). Inter-
estingly, at least some constituents of NuMat proteins seem
to follow the DNA closely as the cells progress to anaphase
(Fig. 6C). This association can be compared with page mark-
ing (34) and may have relevance to epigenetic marks being
carried through mitosis by means of NuMat signatures along
the chromosomes to unfurl the expression state in the immi-
nent interphase. It is important to note that much of NuMat is
not accessible to staining reagents during interphase and
perhaps during other stages of the cell cycle. New protocols
need to be developed to stain NuMat at different stages of the
cell cycle to have a more realistic view of nuclear architecture
during mitosis. Nevertheless, our studies provide insight into
how the mitotic fidelity may be ensured with the help of
continuity provided by a subset of NuMat proteins.

DISCUSSION

There is growing evidence indicating that genomic organi-
zation, function, and regulation are interlinked through nuclear

architecture. For example, sites of replication (32), transcrip-
tion (11, 33, 35), and post-transcriptional processing and
other processes (8, 36) take place in specific nuclear com-
partments. Also, more recent studies indicate that localization
of genes and regulatory elements to a specific compartment
in a developmental stage-specific manner is a widespread
mechanism for regulation of genes. The structural basis of
these compartments, however, is not understood. We think
that NuMat, the non-diffusible fibrous meshwork in the nu-
cleus, is most likely a framework to provide a structural plat-
form to various nuclear processes. The groups of NuMat
constituents that we report here provide further structural and
potentially mechanistic insights into the role of NuMat in a
variety of nuclear processes (Table 1). One of the classes of
proteins in this study includes nuclear membrane, nuclear
pore, and structural proteins. Our results support earlier find-
ings that suggested involvement of lamins, nuclear envelope
proteins, actins, and myosin in the core nucleoskeleton (16).
In addition to these core nucleoskeleton proteins, we identi-
fied a number of novel structural proteins involved in actin and
microtubule binding as NuMat components. These include
karst; spectrins; minispindles (microtubule binding), multiple
ankyrin repeats single KH domain (structural constituent of
the cytoskeleton); and paramyosin. The presence of viking, an
extracellular matrix constituent, and some cuticular proteins
in the NuMat proteome of Drosophila brings out new and
interesting roles of these structural proteins.

The second general category of proteins in our study in-
cludes heat shock proteins/chaperones and enzymes. It has
been shown in many earlier studies that heat shock proteins
and other chaperones are associated with nuclear matrix (37,
38). It has also been shown in a recent study that molecular
chaperone Hsp90 interacts with Trithorax to maintain active
chromatin at sites of gene expression (39). In addition to a
number of heat shock proteins such as Hsp26, -27, -83, and
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-70A, we identified few novel molecular chaperones that have
ATPase activity and unfolded protein binding activity as a part
of the nuclear matrix. These include lethal (1), Ccty, and
T-complex chaperonin 5. Interestingly, we also found certain
enzymes to be associated with the nuclear matrix. These
include enolase, phosphoglycerate kinase (glycolysis), FK506-
binding protein 1 (peptidyl-prolyl cis-trans isomerase), papilin
(metalloendopeptidase activity and serine type endopepti-
dase inhibitor activity), and Rpt4 (endopeptidase activity). Ear-
lier studies have shown the association of several kinases with
nuclear matrix, prominent among them being phosphatidyl-
inositol 4-kinase, phosphatidylinositol-4-phosphate 5-kinase,
diacylglycerol kinase, phospholipase C (40), and protein ki-
nases C (PKC « and ¢), but the association of the enzymes
reported in this study is the first of its kind to our knowledge.
Thus, the association of these novel molecular chaperones
and enzymes with the nuclear matrix in our study calls for
further analysis on the roles played by these molecules in the
context of chromatin organization, signal transduction, devel-
opment, and differential gene expression.

The role of nuclear matrix in DNA replication, RNA tran-
scription, hnRNA processing, DNA damage and repair, chro-
matin remodeling, nuclear transport, and translation has been
well established in many elegant studies. We also identified a
number of proteins associated with these nuclear processes
(Table I and supplemental Table 1) to be part of the nuclear
matrix. However, a few proteins in our study have not been
reported earlier in the context of nuclear matrix and turned out
to be novel proteins. These include Rm62 (MRNA binding and
ATP-dependent RNA helicase activity), hoi-polloi (MRNA
binding and nuclear mRNA splicing), little imaginal discs (hi-
stone H3-K4 demethylase activity), terribly reduced optic
lobes (DNA methylation), and 14-3-3 ¢ and ¢.

Taken together, we have found more than 350 different
proteins to be associated with the NuMat in our study, which
fairly covers the complexity of the NuMat proteome (supple-
mental Tables 1 and 2). Our results also provide specific
candidates that need further analysis by genetic, molecular,
and cell biological approaches to understand the precise
molecular interactions and mechanisms of nuclear functions
in the context of the NuMat framework. Such studies would
help us to understand whether a protein is transiently bound
to NuMat or represents an essential NuMat constituent as a
building block of the structure.

We also compared the nuclear matrix proteome of Dro-
sophila with earlier studies on the nuclear matrix fractions of
different cells and tissues of different species and found that
several classes of functional proteins in the nuclear matrix are
shared between kingdoms. A proteomics study of the Arabi-
dopsis nuclear matrix shows the presence of nucleolar pro-
teins such as IMP4, Nop56, Nop58, fibrillarins, and nucleolin;
ribosomal proteins L7, L5, and L18; a number of a-tubulins
and B-tubulins; homologues of translation elongation factor
eEF-1; and the heat shock protein At-hsc70-3 (15). These

proteins have also been identified in the nucleolus and nuclear
matrix fractions of human cells. Our study also reports the
presence of a large number of ribosomal proteins, Nop56,
tubulins, heat shock proteins, and fibrillarin. When compared
with the nuclear matrix fractions of human peripheral blood
cells, the presence of molecular chaperones (Tcp-1-related
protein and certain members of the heat shock protein family)
and protein folding catalysts was found to be common with
our study (38). The association of heat shock proteins with
nuclear matrix fractions has also been shown in cancer and
stressed cells (37, 41). The presence of topoisomerases in the
nuclear matrix fractions shown by earlier studies is yet an-
other feature consistent with our study (42). Thus, the pres-
ence of the homologues of Drosophila NuMat proteome con-
stituents in human and other organisms underscores the
evolutionary conservation of the NuMat organization.

Our studies also reveal two new aspects of NuMat in addi-
tion to its conservation and link to a variety of nuclear pro-
cesses, namely the high degree of developmental dynamics
of the NuMat composition and retention of a subset of the
NuMat proteome with chromatin through mitosis. Our obser-
vations suggest that more than half of the NuMat proteome is
dynamic and corresponds to a particular developmental
stage. Although much of these differences may be quantita-
tive, this nevertheless provides a new angle to study and
understand the cellular differentiation process. Nuclear matrix
is the architectural framework of the nucleus and therefore is
involved in the higher order chromatin organization, which is
closely linked to differential gene expression. In the complex
process of embryonic development where dramatic changes
occur in the embryo, including rearrangement in the organi-
zation of DNA and DNA-protein interactions, nuclear matrix
may also undergo significant alterations in its composition.
This is supported by many earlier studies that have shown
that nuclear matrix is a dynamic structure whose morphology
and composition vary with the functional stage of the nuclei
(43). Previous studies have also shown that the protein com-
position of the nuclear matrix can be modified during cell
differentiation (44-47). It has also been shown that the nu-
clear matrix proteome varies significantly between cancerous
and healthy tissue, and a recent study regarding identification
of proteins enriched in the nuclear matrix fraction and regu-
lation in adenoma to carcinoma progression further strength-
ens the reason why developmental regulation of the NuMat
proteome would be of importance (48).

The second new aspect of the NuMat proteome is the
finding that a fraction of the NuMat proteome remains asso-
ciated with chromosomes during mitosis when the nuclear
envelope and most of the NuMat structures are thought to be
dissolved. During mitosis, the unique NuMat framework that is
paired with the cell type-specific epigenome is dismantled or
drastically rearranged. With the onset of cell division, most of
the transcriptional processes are stopped, and the genome
enters a “mitotic blackout” as it is not clear how memory of
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the expression state is retained to re-establish the transcrip-
tional state in the interphase of daughter cells. Association of
some of the NuMat components with mitotic chromosomes
may suggest that a set of NuMat constituents might function
as cellular memory tools to replicate the chromatin structure
in the following interphase. Identification of proteins associ-
ated with the nuclear matrix and mitotic chromosomes could
provide vital clues to this problem (49-51). A genome-wide
RNAi screening for genes that lead to spindle defect (52)
identified a number of factors, and 13 of them are part of the
NuMat proteome in our study. These studies not only impli-
cate a role for NuMat in epigenetic cellular memory, but they
also present a set of proteins that can be tested in vivo from
this perspective to help understand the mechanism behind
this process.

Our analysis of the NuMat proteome from D. melanogaster
embryos that led to identification of more than 350 proteins
reflects the structural and functional complexity of NuMat. We
also found that NuMat composition varies significantly during
development and that some of the NuMat constituents remain
associated with chromosomes during mitosis, pointing to a
role of NuMat in cellular memory. With the identification of a
significant proportion of NuMat constituents, further studies
that can lead to a better understanding of the structural basis
and molecular mechanisms of these complex processes will
be possible.
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