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Abstract

Analysis of protein complexes provides insights into how the ensemble of expressed proteome is
organized into functional units. While there have been advances in techniques for proteome-wide
profiling of cytoplasmic protein complexes, information about human nuclear protein complexes
are very limited. To close this gap, we combined native size exclusion chromatography (SEC) with
label-free quantitative MS profiling to characterize hundreds of nuclear protein complexes isolated
from human glioblastoma multiforme T98G cells. We identified 1794 proteins that overlapped
between two biological replicates of which 1244 proteins were characterized as existing within
stably associated putative complexes. co-IP experiments confirmed the interaction of PARP1 with
Ku70/Ku80 proteins and HDAC1 (histone deacetylase complex 1) and CHD4. HDAC1/2 also co-
migrated with various SIN3A and nucleosome remodeling and deacetylase components in SEC
fractionation including SIN3A, SAP30, RBBP4, RBBP7, and NCOR1. Co-elution of HDAC1/2/3
with both the KDM1A and RCORL further confirmed that these proteins are integral components
of human deacetylase complexes. Our approach also demonstrated the ability to identify potential
moonlighting complexes and novel complexes containing uncharacterized proteins. Overall, the
results demonstrated the utility of SEC fractionation and LC-MS analysis for system-wide
profiling of proteins to predict the existence of distinct forms of nuclear protein complexes.
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1. Introduction

Protein complexes are fundamental building blocks of cells and are required for the precise
control and regulation of cellular pathways.[t! Only 16% of the predicted open reading
frames in the human genome have been experimentally determined to encode subunits of
protein complexes,[2] which likely encompass only a fraction. There are ~20 000 individual
protein coding genes in the human genome,[3] and there are no unifying rules for predicting
which of these proteins will form complexes based on amino acid sequences.[4! To further
complicate matters, the assembly of protein complexes is also altered by post-translational
modifications.[%] Protein complexes are diverse in terms of composition, structure, stability,
regulation, and function,[8] and complex size can range from a simple homomer, composed
of self-interacting copies of a single type of subunit, to heteromers, composed of two or
more distinct polypeptides.[”] Therefore, elucidating how ~20 000 plus proteins encoded by
the human genome are assembled into complexes and partitioned into different subcellular
compartments in different cell types is a daunting task. Such data is important for defining
the roles of individual proteins in association with their interacting partners and for
understanding how protein complexes modulate phenotypic variations, cellular organization,
and disease pathways.[8] A first step towards that goal is to generate high-quality protein
complex maps using high-throughput technologies that place individual proteins within a
specific functional module and cellular network.

Proteins are assembled into complexes through the interactions between protein subunits,
which cannot be predicted from sequencing alone and must be determined empirically.[4]
The yeast-two-hybrid (Y2H) method!®19] and affinity purification-MS[11.12] are the two
most commonly used methods for defining protein complexes. Chemical cross-linking or
hydrogen- deuterium exchanges coupled with MS analysis have also been applied to obtain
structural information of the protein complexes.[1314] The Y2H method involves
transcriptional activation and reporter gene expression to determine direct binary protein—
protein interactions (PPIs). Although successfully applied to different organisms,[9:14.15]
there are technical limitations of the Y2H method.[26] This method can only identify direct
interactions between proteins, and the rates of false-positives and negatives are high.[17] In
the affinity purification-MS method, the protein of interest is used as a “bait” to pull down
its interacting proteins, and the co-purified proteins are identified by LC-MS/MS.[18 While
this method has been used widely with increasingly high-throughput analysis and has
provided great insight into protein—protein interactions, this method requires a tagged-bait
protein. The process to generate tagged-bait proteins is often laborious, and the tags may
impede complex formation or protein localization.[*9] Further, introducing such a bait
protein into the cells can alter the stoichiometry of proteins potentially skewing the
composition of the endogenous complex.[20] Other studies have used bimolecular
fluorescence complementation to determine if proteins interact. While this technique has
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numerous advantages including being used in live cells, there are a few drawbacks. This
method can be time extensive to label the proteins of interest with the fluorescent protein
fragments and optimize protein expression levels. Additionally, this technique requires that
the tags have ample room to collide for the fluorescence emission,[2] which can miss
countless interactions if the PPIs confine the movement of the fluorescent tag. Further, it is
possible that labeling the proteins in particular positions can prevent complex formation.
Hence, despite many successful studies of protein complexes using these techniques,
characterization of protein complexes is still challenging.

Recently, wel#22] and others[23-26] have developed alternative methods utilizing
biochemical fractionation coupled with quantitative LC-MS profiling to analyze endogenous
protein complexes in human cells or model organisms. These alternative methods utilize
protein chromatography or native gel electrophoresis and MS-based proteomics profiling,
and require no exogenous protein expression or tagging. Although recent application of size
exclusion chromatography (SEC) combined with MS has been demonstrated for the analysis
of native protein complexes in plants or mammalian cells, in-depth proteome-wide analysis
of protein complexes in the human nucleus is still not well documented. Nuclear proteins
constitute ~14% of the human proteome,[2427] and understanding how these nuclear
proteins assemble into complexes can inform how cells mediate function and transcriptional
regulation.

Many, if not most, nuclear proteins are multifunctional and can serve in multiple complexes.
For example, the Brg-associated factors (BAF) chromatin remodeling complex is involved in
transcriptional activation, DNA damage repair, DNA replication, and mitosis, and many
subunits are shared with the closely related Polybromo-BAF (PBAF) complex, which has
different cellular functions.[28] In addition, it is common to observe exchanges between
subunits or paralogs in different cell types, or under different cellular conditions, with
function-altering consequences.[2%:3%] While we know that exact protein complex
composition can have important implications for biological activity, characterization of these
complexes is a significant challenge. Having a tool to be able to study and identify nuclear
complexes can shed light into the roles these multifunctional proteins have in the nucleus.

Epigenetic changes and misregulation of DNA damage repair processes are common in
countless cancers and diseases. In particular, gliomas have been known to have alterations in
DNA damage repair and chromatin regulation.[31] Here, we combined SEC fractionation of
native proteins with high-throughput LC-MS profiling to characterize nuclear protein
complexes isolated from the glioblastoma multiforme (GBM, grade IV glioma) cell line
T98G to gain insight into these alterations. We demonstrate the utility and reproducibility of
the approach for the proteome-wide analysis of native proteins without tagging. We also
validate the identification of different protein complexes by co-immunoprecipitation (co-1P).

2. Experimental Section

Cell culture:

GBM T98G cells (ATCC) were cultured until confluent in Eagle’s minimum essential
medium (Corning), containing 10% fetal bovine serum (Omega Scientific, Inc.), 1%
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penicillin/streptomycin (Corning), 1% non-essential amino acids (Corning), and 1% glutagro
(Corning) at 37 °C, and 5% CO,.

Isolation of nuclear proteins:

Confluent 150 mm plates of T98G cells were washed once with PBS. Cells were lifted from
the plate with 3 mL of buffer A (25 mm HEPES pH 7.8, 5 mm KCI, 25 mm MgCl,, 0.05
mm EDTA, 10% glycerol, 0.1% NP-40, protease inhibitor cocktail), and incubated on ice for
15 min to lyse the cell membrane. Intact nuclei were pelleted at 1000 x g, soluble
cytoplasmic proteins were removed, and the nuclei pellet was re-suspended in MS
compatible buffer (25 mm Tris-HCI pH 7.6, 300 mm NaCl, 1 mm EDTA, and protease
inhibitor cocktail) and incubated on ice for 45 min. Chromatin was pelleted at 21 000 x g for
5 min, and the soluble nuclear proteins were transferred to a new microcentrifuge tube.
Protein concentration was determined using BCA assay.

Size Exclusion Chromatography:

Nuclear cell lysates were fractionated using a Superdex 200 10/300 GL column (GE Health-
care Life Sciences) using an AKTA fast protein LC system (Amer-sham Biosciences). The
SEC column was equilibrated with two column volumes of the buffer (20 mm Tris-HCI, pH
7.5,0.5mM DTT, 1 mm EDTA, 100 mm NaCl, 5% glycerol). A total of 500 zL nuclear
lysate (1 mg nuclear protein) was loaded onto the column, and the 20 SEC fractions (F15-
34) that were within column resolution (and void volume) of 500 zL each were collected.
Elution of proteins from the SEC column was performed using the same equilibration buffer
at a flow rate of 0.2 mL min~1 and absorbance was monitored at 280 nm. Two biological
replicates were processed identically. The column was calibrated using protein standards
(MWGF1000, Sigma—Aldrich) covering a mass range from 29 kDa to 669 kDa. The void
volume was measured with blue dextran. SEC separation was performed at 6 °C. Half of the
sample volume was used for SDS-PAGE/immunoblotting and the remaining half was used
for LC-MS/MS analysis (see below). SEC fractions were stored at —80 °C until further use.

Sample preparation for LC-MS/MS analysis:

Sample preparation was carried out as described previously.[422] Briefly, proteins were
precipitated by adding five volumes of cold (-20 °C) acetone and incubated overnight at —
20 °C. After centrifugation at 21,000 x g for 15 min at 4 °C, protein pellets were dissolved
in 40 4L of 8 M urea, and protein concentration was determined using the BCA assay
(Thermo Fisher Scientific). Samples were separately reduced and alkylated with DTT and
iodoacetamide, respectively, prior to digestion with mass spec grade trypsin/LysC mix
(Promega) at a 1:25 (w/w) enzyme-to-substrate ratio. After desalting with Pierce C18 spin
columns (Pierce Biotechnology), peptides were suspended in 3% (v/v) ACN and 0.1% (v/v)
formic acid (FA). Samples were loaded to the LC column by equal volume, not by equal
amount. Peptides in each fraction were suspended in 80 L of the buffer, which was
determined based on the total peptide in the most concentrated SEC fraction. The final
peptide concentration of that SEC fraction was 0.2 4g A1, and 5 z4_ was loaded to the
column. For the rest of the fractions, 5 gL was also loaded, but the peptide concentration
varied.
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LC-MS/MS data collection and analysis:

Samples were analyzed by RP HPLC-ESI-MS/MS using the Dionex UltiMate 3000 RSLC
Nano System (Thermo Fisher Scientific), which was directly connected to a Q Exactive HF
Hybrid Quadrupole-Orbitrap MS (Thermo Fisher Scientific) and a Nanospray Flex lon
Source (Thermo Fisher Scientific). Purified peptides were loaded to the trap column (300
4m id x 5 mm) packed with 5 zm 100A PepMap C18 medium and then separated on 15 cm
analytical column (75 zm id) packed with 2 zm 100A PepMap C18 medium (Thermo Fisher
Scientific). For each sample, LC-MS/MS data were collected using a 120-min LC gradient.
Mobile phase solvent A was 0.1% FA in water and solvent B was 0.1% FA in 80% ACN.
Peptides were loaded to the trap column in loading buffer (2% ACN, 0.1% FA) for 5 min,
and eluted with a linear 80 min gradient of 5-30% of buffer B, then changing to 45% of B at
91 min, 100% of B at 93 min at which point the gradient was held for 7 min before reverting
back to 95% of A at 100 min. The columns were equilibrated at 95% of A for 20 min. The
samples were loaded at a flow rate of 5 L min~t for 5 min, and eluted from the analytical
column at a flow rate of 300 nL min—L. After each 120-min sample run, columns were
washed 2 x with 30 min linear gradient of 5-45% of B to keep them clean and reduce
sample carry over before running the next sample. Column temperature was maintained at
35 °C. The mass spectrometer was operated using standard data-dependent mode. MS data
were acquired with a Top20 data-dependent MS/MS scan method. The full scan MS spectra
were collected in the 400-1600 /m/z range with a maximum injection time of 100 ms, a
resolution of 120 000 at 200 m/z. Fragmentation of precursor ions was performed by high-
energy C-trap dissociation with a normalized collision energy of 27 eV. MS/MS scans were
acquired at a resolution of 15 000 at 200 /7/z with an ion-target value of 1 x 10° and a
maximum injection of 20 ms. The dynamic exclusion was set at 15 s to avoid repeated
scanning of identical peptides. Instrument optimization and recalibration was carried out at
the start of each batch run using calibration mix solution (Thermo Fisher Scientific). The
performance of the instrument was also evaluated using £scherichia coli digest (Waters) at
the start of each batch.

Data analysis:

All LC-MS/MS data were analyzed using MaxQuant software (v. 1.5.3.28)[32] with its built-
in Andromeda search engine. The MS/MS spectra were searched against the human UniProt
protein database (June 20, 2015) for protein identification and relative abundance profiling
across SEC fractions. The minimal length of six amino acids was required in the database
search. The database search was performed with the precursor mass tolerance set to 10 ppm
and MS/MS fragment ions tolerance was set to 20 ppm. The database search was performed
with enzyme specificity for trypsin and LysC, allowing up to two missed cleavages.
Oxidation of methionine was defined as a variable modification, and carbamidomethylation
of cysteine was defined as a fixed modification for database searches. The “unique plus razor
peptides” were used for peptide quantitation. The false discovery rate of peptide and protein
identification was set at 1%. We used the “match between runs” function with retention time
window of 1 min to increase the number of peptides that can be used for protein
quantification. This function allows the transfer of peptide identification between adjacent
fractions in the absence of peptide sequencing by MS/MS spectra, utilizing their accurate
mass and aligned retention time. Proteins labeled either as contaminants or reverse hits were
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removed from the analysis. Similarly, proteins identified without any quantifiable peak (zero
intensity) and those identified by a single MS/MS count were also removed from the
analysis. Proteins were clustered based on their elution profiles using hierarchical clustering
in Data Analysis and Extension Tool (DANTE)[33] and displayed as a heat map. DANTE was
also used to calculate Pearson correlation coefficients (PCCs) of protein elution between the
two SEC fractions.

Gene Ontology (GO) analysis:

co-IP:

GO terms for the cellular component and molecular function were mapped using the Panther
Gene Ontology Consortium Slim Cellular Component and Biological Processes analysis.[34]
A total of 1515 IDs were mapped out of the 1794 to the Homo sapiens reference list.
Bonferroni analysis was used and only significantly enriched genes were included (p <
0.05).

T98G cells were harvested as described for nuclear lysate isolation. Native cell lysate (200
£09) was diluted to 500 gL with dilution buffer (25 mM Tris pH 7.6, 150 mm NacCl, and 1
mm EDTA), incubated overnight at 4 °C with Protein G magnetic beads (Pierce) and 2 /g
antibody. Following incubation, beads were washed three times with the dilution buffer and
re-suspended in lithium dodecyl sulfate loading dye for immunoblot analysis.

SDS-PAGE/Immunoblotting:

Dried protein pellets in each SEC fraction were re-suspended in lithium dodecyl sulfate
loading dye with beta-mercaptonal, boiled and ran on a 4-12% gradient gel (Invitrogen).
Gels were transferred to PVDF membranes, blocked with 5% BSA (VWR) in PBS-t (0.1%
Tween-20). After blocking, blots were incubated in primary antibody overnight at 4 °C and
then incubated in the dark with LiCor goat anti-mouse and goat anti-rabbit fluorescence
secondary antibodies (1:10 000) for an hour. Blots were imaged on LiCor Odyssey. Primary
antibodies used: rabbit CBX8 (1:1000; Bethyl, A300-882A), mouse PARP1 (1:400; Santa
Cruz, sc-8007), mouse PCNA (1:400; Santa Cruz, sc-56), mouse Ku70 (1:400; Santa Cruz,
sc-17789) and mouse Ku86 (1:400; Santa Cruz, sc-5280), mouse HDAC1 (1:400; Santa
Cruz, sc-81598), and mouse Mi2 (1:200; Santa Cruz, sc-55606).

PPI analysis by STRING:

The STRING 10.5 software was used for mapping protein interactors to the experimentally
identified protein complexes.[3°] Interacting proteins were identified by typing proteins
names in the software along with the selection of the species under investigation (H. sapiens)
in order to exclude false-positive PPI and functional annotations derived from investigations
on other species. STRING determines and makes graphs of unbiased networks in which
gene products are represented as nodes, and the biological relationship between two nodes is
represented as an edge (line). Active interactions are supported by one or more evidences
(text mining, experiments, gene fusion, database, co-occurrence, or co-expression) that are
stored in the software internal database. The minimum required interaction score was set to
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0.9 (high confidence) to exclude as many false positive interactions as possible, and the
maximum interaction score was set to either five or ten depending on the target proteins.

Data availability:

All the raw LC-MS/MS data associated with these experiments have been deposited in Mass
Spectrometry Interactive Virtual Environment (http://massive.ucsd.edu) with 1D
MSV000081520.

3. Results

3.1. Purity of Nuclear Protein Isolation

Standard nuclear protein isolation typically involves incubation in hypotonic buffer to
disrupt the outer cell membrane and remove soluble cytosolic proteins, followed by a second
lysis step in detergent to disrupt the nuclear membrane and release chromatin-bound
proteins. Since detergent such as NP-40 in the lysis buffer can be problematic for LC-MS
analysis, we first assessed the efficiency of alternate buffers for the nuclear lysis step by
monitoring the elution of chromobox protein homolog 8 (CBX8), a chromatin-bound low
abundant nuclear protein, into nuclear extracts using immunoblot analysis (Figure 1A). As
observed in Figure 1A, a low salt buffer (100 mm NaCl, buffer 2) is capable of lysing the
nuclei, however, it cannot elute chromatin-bound proteins. We determined that a high salt
buffer (300 mm NacCl, buffer 1), hereinafter referred to as MS compatible buffer, with longer
incubation times (45 min instead of 15 min) on ice provided the best nuclear lysis and
elution of chromatin-bound proteins without detergent compared to the standard radio-
immunoprecipitation assay buffer or other buffers with detergents (Figure 1A-C).

We then sought to determine the purity of the nuclear fraction using our buffer conditions.
To do so, we isolated whole cell lysate (WCL), the cytosolic fraction and the nuclear
fraction and assessed expression of lamin B1, a nuclear protein, and a-tubulin, a cytosolic
protein via immunoblot. As expected, lamin B1 and a-tubulin were present in the WCL. The
nuclear fraction indeed enriched for nuclear proteins because lamin B1 was detected in this
fraction and not the cytosolic fraction. The a-tubulin was detected both in the cytoplasm and
the nuclear fraction with the highest signal in the cytoplasm. This suggested that our nuclear
lysate was not completely devoid of cytosolic proteins, most likely due to their high
abundance. We chose to accept the reduced purity of our sample and used reliable
knowledge-based data sets and bioinformatics tools to identify cytosolic contaminants.
Although, we have focused on the nuclear fraction, this approach is equally suitable for
other organelles.

3.2. Workflow Overview

The goal of our work was to apply an LC-MS/MS-based proteomics workflow to identify
mammalian nuclear protein complexes. Aryal et al. previously described a workflow that
combined SEC and label-free quantitative LC-MS profiling to globally monitor Arabidopsis
cytoplasmic proteins,[4:22] which we have adapted for mammalian nuclear proteins in this
study (see Figure 2 for basic workflow). Briefly, nuclear lysate was isolated from harvested
T98G cells as outlined in the Methods. The nuclear lysate was fractionated by size into 20
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SEC fractions on a Superdex 200 10/300 GL column in an AKTA fast protein LC system.
Proteins in each fraction were prepared for LC— MS/MS analysis on a Thermo QEXxactive
Orbitrap MS. Peptides were identified using MaxQuant and quantified by intensity-based
label-free quantitation. Overlapping peptides and proteins in the two biological replicates
were used for further analysis and to predict protein complexes. Protein intensity (elution)
profiles were used to calculate the apparent molecular weight (Mgpp) of the proteins based
on our standard curve. The apparent ratio (Rapp), defined as the ratio of the Mgy, to the
Mmono (monomer mass),[422] was used to predict proteins eluting as putative complexes
through the SEC column. Proteins with an Rap, score of 2 or larger were considered to be in
a complex.

3.3. Reproducibility of SEC Fractionation and LC-MS/MS Analysis

Reproducibility of SEC fractionation and LC-MS analysis is important for successfully
predicting protein complexes using this approach. Reproducibility of SEC fractionation was
tested by comparing peak shifts of the identified proteins between the two independent SEC
separations and detected >90% of the proteins within zero to one fraction shift (Figure 3A)
indicating SEC reproducibility. To test the variability of LC—MS runs, we calculated the
coefficient of variation of MS1 intensity and retention time of peptides by analyzing three
independent technical replicates of the SEC fraction 24 from biological replicate 2.
Combined together, we identified 3575 peptides mapping to 590 proteins/protein families of
which 2978 peptides (83.3%) and 529 proteins (89.7%) were identified in all the three
technical replicates (Figure S1A and B, Supporting Information). This demonstrates
reproducibility of peptide and protein identification. The average CV of peptide retention
time was 0.8% and of peptide MS1 intensity was 15.8% (Figure S1C and D, Supporting
Information). This confirms reproducibility of our LC— MS platform for peptide
quantitation. Accuracy of MS1 intensity was also evaluated by comparing the results with
the spectral counts (data not shown). MS1 intensity provided smaller CV than the spectral
counts. To further assess the accuracy of our SEC profiling strategy for predicting protein
complexes, we compared the MS1-based abundance profiles (Figure 3B) for histone
deacetylase complex 2 (HDAC?2) using an orthogonal protein immunoblot analysis (Figure
3C). There was agreement between the two methods in assigning the peak signal for the
protein. After removing the void (F15-21), both LC-MS and immunoblot results revealed
that the elution of HDAC?2 was predominately in fractions 23-26 in both the replicates
(Figure 3B and C). Fractions 23-26 correspond approximately to 500-228 kDa, which is
significantly larger than the monomeric mass of HDAC?2 (~65 kDa). This suggests that our
isolation and fractionation scheme maintains complex integrity, fractionates proteins by size,
and is reproducible.

3.4. Global Analysis of Nuclear Protein Complexes

Following the validation of the MS1-based relative abundance profiling for estimating
functional masses of the identified proteins via immunoblot, we prepared fractions 19 to 34
for LC-MS analysis from two independent nuclear extractions as outlined in the Methods.
To have an accurate profile of nuclear proteins, we identified the SEC fraction with the
highest concentration of peptide and re-suspended the sample to be at a concentration of 0.2
1 L~ The subsequent fractions were re-suspended in the same volume (80 zL) and ran
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through the Q Exactive Orbitrap HF MS. We identified 13 400 peptides mapping to 1794
proteins that overlapped between the two biological replicates (Tables S1 and S2, Supporting
Information). The 1794 proteins identified in both the replicates were used for further
analysis. Detailed information of the peptides and proteins is provided in Tables 1-3,
Supporting Information.

To compare elution profiles of proteins in Biol and Bio2, we calculated PCCs of the protein
intensities across all SEC fractions. As expected, PCC showed highest correlation
coefficients along the diagonal (Figure 4A), suggesting that protein elution profiles were
most strongly correlated in identical and/or adjacent SEC fractions. However, many proteins
eluting in high mass SEC fractions had higher correlation signals expanded to multiple
adjacent fractions. This is due to the large size of the complexes eluting in those fractions
that could not be resolved properly by the column.

3.5. Protein Complex Elution Profiles

Using knowledge of known nuclear protein complex subunits, we validated our SEC co-
fractionation by comparing the elution profiles (Table S2, Supporting Information). As
expected, subunits of stable protein complexes displayed similar elution profiles. For
example, we identified components of the neural progenitor BAF (hnpBAF) complex
including ARID1A, ACTL6, SMARCC1, SMARCA?2, SMARCB1, SMARCEL, and
SMARCC2, which migrated together through the SEC column and coeluted as a single peak
in fraction 22 (Figure 4B). The npBAF complex is an ATP-dependent chromatin-remodeling
complex necessary for the development of the mammalian nervous system.[36] Components
of the nucleosome remodeling deacetylase (NURD) and SIN3A chromatin remodeling
complexes also co-eluted in fraction 21 or 22 (Figure S3A and B, Supporting Information).
HDAC1 and HDAC2, which are components of both complexes,[371 eluted with the other
SIN3A components including SAP30, SIN3A, RBBP4, RBBP7, and NCORL1 at a high mass
SEC fraction (Figure S3A and Table S2, Supporting Information) suggesting their physical
interaction to form a large complex assembly. Moreover, HDAC1/2 also eluted together with
the NuRD components GATAD2B, CHD4, MTA2, MTA3, and MBD3 (Figure S3B and
Table S2, Supporting Information). Further, these SEC co-elution profiles correspond to the
majority of the HDAC1 and HDAC2 interacting proteins in SIN3A and NuRD complexes as
proposed by the STRING database (Figure S3C and D, Supporting Information). The elution
of HDAC1/2 also matched with histone lysine demethylase (KDM1A) and corepressor
RCORL (Figure S4A and Table S2, Supporting Information). Both KDM1A and RCORL1 are
the known interactors of HDAC1/2.[11] From our analysis, we were able to identify the
relative expression of HDAC1, HDAC?2, and HDAC3 that co-eluted at a fraction with an
apparent mass (Mgpp) of 649 kDa. Among the three histone deacetylases, HDAC1 was the
most abundant and HDAC3 was the least abundant in their expression levels.

Many other nuclear proteins such as Lamin A/C, Lamin B1, and components of nuclear pore
complex (NUP155, NUP93, NUP62, NUP188, and NUP50) were also eluting in high mass
SEC fractions (Table S2, Supporting Information). We also identified several interactors of
Nibrin (NBN) (Figure S4B, Supporting Information), a component of the MRE11/
RAD50/NBN (MRN) complex. MRN participates in the early steps of DNA damage sensing
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and double stand DNA breaks repair.[38! The MRE11A,RAD50, ATM, SMC1A, and TERF2
proteins identified in this study were co-eluting together with NBN and peak at fraction 22
with an estimated Mapp of ~ 649 kDa. The co-elution pro files also matched with the MRN
interactome map gleaned from the STRING analysis (Figure S4C, Supporting Information).
The ability of NBN to interact with MRE11, RAD50, ATM, H2A.X, CHEK2, BRCA1,
SMC1, CtIP, SP100, and 53BP1 has been confirmed previously by immunoblot analysis.[39]

Further, the elution profiles of proteasome subunits are often used to validate the proteomic
profiling results. The 26S proteasome is responsible for the degradation of the majority of
proteins in eukaryotic cells.[40] It is located both in the nucleus and the cytoplasm[#1] and is
made up of two sub-complexes: a catalytic core particle (CP) known as the 20S proteasome
and the regulatory particle (RP) known as 19S proteasome. The 19S proteasome binds to
one or both ends of the 20S protea-some to form an enzymatically active proteasome. The
highly abundant 20S CP is a heteromeric assembly of 28 a- and S-subunits, all of roughly
25 to 30 kDa size, and has a predicted mass of 700 kDa.[“%l We identified 14 of the CP
subunits co-eluting as a single peak in fraction 23 (Figure 4C), with an estimated mass of ~
500 kDa. The 26S proteasome holoenzyme consists of two RPs capping each end of the
barrel-shaped 20S CP.[2] We identified 11 of the 19 RP subunits, which had a much higher
relative abundance compared with the CP subunits (Figure 4C). All of the identified RP
subunits eluted two fractions earlier than the CP subunit peak (Figure 4C), consistent with
the larger size of the 26S holoenzyme. Consistent elution peaks of these large complex
subunits again suggested the accuracy of our strategy for predicting protein complexes.
Overall results suggest that our data (Table S2, Supporting Information) may contain many
large novel complexes not reported previously.

3.6. Global Characterization of Identified Proteins

We performed GO analysis of our protein list for both biological processes and cellular
components. The cellular components analysis demonstrated enrichment for ribosomal,
nuclear, and cytoplasmic proteins (Figure 4D). This aligns with our lysate fractionation
immunoblot (Figure 1D). Functional classification showed enriched biological processes
including histone modification, DNA repair, mRNA processing, splicing, cell cycle,
chromatin remodeling, DNA replication, transcription, and nuclear transport, among other
nuclear functions (Figure 4E). Detection of many abundant nuclear proteins suggests that the
proteins identified in both biological replicates are enriched for nuclear proteins.

To identify novel protein complex subunits, we performed distance-based clustering
analyses of the intensity profiles. The clustering results were plotted as a heat map (Figure
5A). A high-resolution image of the Figure 5A that can be searched by locus IDs is available
as Figure S5, Supporting Information (Figure S5A, Supporting Information for the replicate
1 and S5B for the replicate 2).

Most proteins showed a single major SEC peak allowing effective clustering based on
intensity profiles. However, not surprisingly, more than half of the proteins had their elution
peaks in the first three high mass SEC fractions indicating that the majority of the nuclear
complexes exist as large oligomeric complexes. A small subset of the proteins also exhibited
multiple elution peaks or broad elution profiles. For example, as shown later in Figure 6B,
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components of the non-homologous end joining (NHEJ) complex PARP1, Ku80, and Ku70,
a known heterooligomeric complex, had three distinct peaks. The dominant first peak had a
Mgpp of ~499 kDa and a second and third peak at ~ 296 kDa and ~ 104 kDa, respectively.
The peaks at the later fractions (fraction 29 and 31) also co-elute with PCNA. This may
indicate the presence of both the monomeric and/or variety of oligomeric sub-complexes and
suggest their involvement in multiple functions. Such proteins performing additional
activities are referred to as “moonlighting” proteins or multitasking,43] and our
experimental system can identify such proteins. This is biologically relevant; however, high-
throughput analysis of proteins existing in multiple oligomerization states requires
deconvolution of the chromatogram into its constituent peaks. This was not possible in this
study due to insufficient resolution of the SEC column. As a result, we used global
maximum of the MS1 intensity of each identified protein as the peak for Mgp,, calculation
and protein complex prediction. We compared our Map, values with some published
apparent masses in the literatures,[2:37:42:44-46] and found good agreement between our
results and published masses (Table 1).

Figure 5B depicts the distribution of the predicted monomer (Mmqno) and the Mg, of all the
identified proteins in Biol and Bio2. We observed that the distribution of the Moo Was
con-centrated more in the lower mass ranges than the distribution of the Mapp. When we
quantitated the number of proteins in different molecular weight ranges for the monomeric
weight and apparent weight, we found that while over 50% of the proteins have the Mmono
less than 40 kDa, over 50% of the proteins have Mgy, ranges greater than 500 kDa. We
calculated the apparent ratio (Rapp) of proteins as the ratio of the My, to the monomeric
mass (Mmono), and used the Rqpp score to predict whether a protein is eluting as a complex
or a monomer.[426:47] previously, we have shown that unless a protein is a rod-shape, the
Rapp for a monomer would never be greater than approximately 1.5.[426.471 Therefore,
proteins with an Rapp of 2 or higher in both the biological replicates with elution patterns
within two fractions between the two independent SEC fractionations were considered
members of a protein complex. More than 70% of the proteins were identified as putative
complex members (Figure 5C and Table S2, Supporting Information). We acknowledge that
the Rapp has limitations, and in some cases, we are likely to misidentify large proteins as
monomeric in cases where they interact with proteins that are relatively small. However, our
Rapp predictions agree very well with the oligomerization state of known protein complexes
(Table 1). For example, we observe that proteins such as ENL have an Mgp, around 649
kDa, which is consistent with it being a member of the super elongation complex
(ENL/ELL/EAF/PTEFb/AFF44]),

3.7. Protein Complex Validation

To complement LC-MS profiles, we performed immunoblot analysis of several protein
complex subunits identified in this study (Figure 6). We identified the DNA damage proteins
PARP1, PCNA, Ku80, and Ku70. PARP1, Ku80, and Ku70 co-eluted together from the
column at a molecular weight above 400 kDa predominately, however, PCNA did not share
a common elution profile in the high molecular weight fraction (Figure 6A and B). The
elution profile observed by immunoblot closely correlated with the LC-MS profile based on
protein abundance (Figure 6A and B). Signals at the low molecular weight range (fraction 31
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or higher) likely represent monomeric forms as complexes would be predicted to elute in a
higher molecular weight fraction. We also wanted to determine if co-eluting proteins in our
profiling experiment could be identified independently by co-IP. co-IP with Ku70 antibody
demonstrated interactions with Ku80 and PARP1 (Figure 6C). Interestingly, we could not
detect PCNA in our Ku70 co-IP. Based on these observations, it is tempting to think that
PARP1, Ku70, and Ku80 might belong to a protein complex without PCNA, which is also
confirmed by the results of Ku70 IP. However, evidence of a PARP1/PCNA interaction has
also been shown previously[48] (Figure 6D). Therefore, this might also be a result of a low
abundant interaction in comparison to the amount of Ku70 expressed in the cells. In
addition, we also identified the members of the NURD complex in our analysis with an Mgpp
of approximately 500 kDa (Figure 6E and F). This corresponds to the approximate mass of a
variation of the NuRD complex composed of HDAC1, CHD4, RBBP7, MTA1, P66, and
MDB3.[30] The immunoblot analysis of the SEC co-fractionation for CHD3/4 and HDAC1
(Figure 6D) were consistent with the LC-MS profiles (Figure 6E). To test this further, we
next performed co-IP experiments to examine whether CHD4 and HDAC1 can be detected
as components of NURD complex. The IP product of HDACL1 pull-down was blotted against
HDACL1 and CHD3/4 antibodies (Figure 6G) and validated that these proteins are indeed in a
complex. The co-1Ps of both the complexes together with the immunoblots of SEC fractions
and LC-MS intensity profiles confirm that the method outlined here can be used to identify
nuclear complexes. Collectively, these results validate the use of SEC co-fractionation of
native proteins with the quantitative LC— MS for proteome-wide profiling of proteins and
thus to predict the existence of distinct forms of protein complexes.

3.8. Post-Translational Modifications of Nuclear Protein Complexes

Post-translational modifications (PTMs) of proteins play a critical role in protein
oligomerization and sub-cellular location. Phosphorylation and acetylation can modulate
many structural properties or binding affinities between proteins by creating or removing
binding sites.[23] In addition, evidence of a cross-talk between phosphorylation and lysine
acetylation also has been reported.[4°]

To gather some insights into whether PTMs can affect the way proteins interact to form
complexes, we analyzed the LC-MS/MS dataset for mapping any phosphorylation and
acetylation using MaxQuant. For high confidence, we restricted our PTM analysis to
peptides and sites that have been identified in both the biological replicates. We identified
162 phosphorylated peptides matching to 108 proteins that overlapped between the two
biological replicates (Table S3, Supporting Information). We also identified 93 acetylated
peptides that mapped to 87 proteins that were also common between the replicates (Table
S3, Supporting Information). Of the 93 acetylated peptides, 25 peptides and 18 proteins
were also identified as phosphorylated. Identification of low number of modified peptides
was expected as we did not perform any enrichment of the modified peptides. Intensity
profiles of the modified peptides matched with the intensity profiles of the proteins, and
modified peptides were mostly detected in high mass SEC fractions (Figure S6, Supporting
Information). This may indicate the existence of modified proteins in a complex form. Data
also indicated that if the protein abundance increases, the probability of identifying modified
peptides also increases (Figure S6, Supporting Information). Many of these modified
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proteins were nuclear proteins and were functionally diverse including mRNA processing,
translational elongation, translational termination, protein transport, RNA splicing, mitosis,
chromatin modification, nucleosome assembly, glycolysis, and protein degradation (Table
S3, Supporting Information). The neuroblast differentiation associated protein (AHNAK)
was phosphorylated as well as acetylated in multiple sites. AHNAK is a large (700 kDa)
structural scaffold protein and may play a role in neuronal differentiation and tumor
metastasis. The eukaryotic translation initiation (EIF3C, EIF3F, EIF3CL, EIF5B) and
elongation factor subunits (EEF1D) were also identified as phosphorylated and acetylated
proteins. Interaction between AHNAK and EEF1D has been reported previously.[35:50]

4. Discussion

In this study, we applied an integrated SEC co-fractionation of native proteins with
quantitative MS-based proteomics to obtain a system-wide analysis of the diverse nuclear
protein complexes using GBM T98G model cells. GBM is one of the most devastating
human cancers in adults. It comprises 15.1% of all primary brain tumors and 46.1% of
primary malignant brain tumors in the United States.[1] The use of MS-based proteomics to
characterize protein complexes in GBM cells provides the cellular context of protein
interactions and the pathways that integrate them. This information is important to develop
new strategies or improve the existing strategies for the treatment of GBM patients.

We identified 1794 proteins present in both biological replicates of GBM T98G nuclear
lysate. GO analysis indicates that they are enriched for nuclear proteins and biological
functions such as DNA damage repair and replication. We used our Mapp measurements of
proteins in the nuclear fraction to predict whether identified proteins exist in stable protein
complexes using Rypp.[4221 More than 1200 proteins reported in this study had an Rgpp = 2
suggesting the majority of nuclear proteins are in a complex. Over 50% of these complexes
have an Mgp, larger than 500 kDa suggesting that most nuclear proteins exist as large multi-
subunit complexes. Protein profiles revealed that a subset of the proteins had more than one
distinct peak, which suggests that a protein can exist in multiple oligomeric states in the cell
and may participate in multiple cellular functions. Hierarchical clustering analysis by the
similarity of elution profiles identified proteins that co-elute with known components of
protein complexes. These clusters may represent previously undetected interacting partners
or entirely new clusters. Using these profiles, we have demonstrated examples of proteins
that form multiple, separable complexes and confirmed these findings in detail for npBAF,
SIN3A, and NuRD interaction networks. Using multiple examples, we have confirmed that
the conclusions derived from LC-MS-based protein identification, quantitation, and
complex predictions are supported by parallel antibody-based protein detection using
immunoblot. Furthermore, we performed independent co-IP experiments to validate two
complexes identified by their elution profiles, an NHEJ complex comprised PARP1, Ku70,
and Ku80, and the NuRD complex comprised HDAC1 and CHDA4.

4.1. The Importance of the Nucleus and its Challenges

The nucleus, the control center of the cell,[52] houses three meters of DNA and is
responsible for DNA replication, transcription, DNA damage repair, and ribosomal

Proteomics. Author manuscript; available in PMC 2019 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Connelly et al.

Page 14

assembly,[53] all critical processes for determining the cell’s function and fate. Within the
nucleus, DNA is organized into a higher order structure known as chromatin that is
composed of DNA wrapped around his-tone protein octamers. Over the past few decades,
research has shown that this chromatin structure is highly regulated allowing for
transcription, replication, and repair to occur. Proper regulation of chromatin structure is
essential for the cell’s function and fate. In these processes, proteins are critical, and unlike
signaling mechanisms in the cytoplasm, the proteins that regulate chromatin structure
primarily work in the context of complexes.[®4]

Fink et al.[27] estimate that nuclear proteins comprise approximately 14% of the proteome.
The low abundance of nuclear proteins can make it challenging to study them. As observed
by our immunoblot (Figure 1D), our nuclear preparation was enriched for nuclear proteins
but also contaminated with cytosolic proteins. The GO analysis in particular suggests that
we have an enrichment for ribosomal, mitochondrial, and many cytosolic proteins in
addition to nuclear proteins. However, this is common, and likely due to the high abundance
of cytosolic, mitochondrial, and ribosomal proteins in the cell. It might also be possible that
many proteins partition between the cytosol and the nucleus. Torrente et al., utilized three
different approaches to isolate nuclear proteins and identified only 30 to 45% nuclear
proteins.[55] In any case, this level of enrichment allows for a much more thorough
identification of nuclear complex profiling than using WCL.

Our experimental system is expected to detect proteins that are partitioned between the
cytosol and the nucleus; indeed, there were a number of known cytosolic proteins as
apparent subunits of nuclear complexes. It might be possible that these cytosolic proteins
may either be regulated by nuclear localization, or they may have independent functions in
the nucleus. As an example, we identified several 20S proteasome subunits, which are
known to have a nuclear localization signal.l1] The positive and negative charge clusters can
serve to regulate the translocation of these proteasomes from the cytoplasm to the nucleus,
and tyro-sine phosphorylation, which adds the negative charge to the cluster, has been
suggested to play an additional role.[56] The B-type 20S proteasome subunits encoded by
PSMB9 (LMP2), PSMB10 (MECL-1), and PSMB8 (LMP7) genes are known as
immunoproteasome (B1i, B2i, and B5i) subunits. We identified all three subunits with the
other 20S proteasomes (Figure 3C and Table S2, Supporting Information). GFP-labeled
LMP2 was shown to incorporate with the immunoproteasomes, which was transported
slowly and unidirectionally to the nucleus.[4] Increased nuclear localization of proteasomes
in HeLa and PtK2 cells during the progression of cell cycle has also been reported.[57]
Therefore, it is possible that our experimental system may be able to identify cytosolic
proteins that also function in the nucleus.

4.2. Validation of Disease-Relevant Complexes

HDACSs are chromatin modifiers and play an important role in the epigenetic regulation of
gene expression.[®8] Evidence suggests a link between misregulated HDAC activity and
neurode-generative diseases such as Parkinson’s disease.[>] Inhibition of misregulated
HDAC activities is an effective strategy for therapeutic treatments, and numerous studies are
focusing to reveal HDAC inhibitor specificities and molecular actions.[37:6%1 Therefore,
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mammalian HDAC family enzymes are emerging as important drug targets. However, very
little is known about the specific molecular mechanism of HDAC inhibitors, and this
molecular mechanism may involve the interaction of HDAC complexes and their PTMs. Our
SEC co-fractionation, LC-MS profiling, and complementary co-1P experiments confirmed
interaction of HDAC1/2 with the various components of SIN3A and NuRD complex
components.

Additionally, histone methylation and demethylation processes are important for gene
transcription and changes in histone methylation are also linked to many cancers and
neurodegenerative diseases.[81] The lysine specific demethylase KDM1A is also implicated
in brain function. RCORL1 has a specific role to repress transcription of neuron-specific
genes in non-neuronal cells. SEC co-fraction of KDM1A and RCOR1 with HDAC1/2/3
confirm that both KDM1A and RCORL1 are integral components of the human deacetylase
complex.[45.62]

4.3. Identification of Potential Novel Protein Complexes

The method we outlined here to profile nuclear complexes can be used not only to identify
known complexes but also for the identification of novel complexes. Our protein search
identified numerous unannotated proteins with an Rapp value greater than 2 in both
replicates. One particular protein is DERP12. A monomer of DERP12 is 38 kDa, however,
our analysis indicates that DERP12 is in a complex that is over 100 kDa. Interestingly,
DERP12 has been reported to be differentially expressed in ovarian cancer following
treatment with the chemotherapy cisplatin, (3] and DERP12 may serve as a biomarker for
chemoresistance in ovarian cancers. Additionally, we identified the protein GPatch8 in our
analysis to have an Rypp greater than 2. GPatch8, a 164 kDa RNA binding protein, has an
Mapp over 500 kDa. According to the STRING database, GPatch8 is predicted to interact
with Death Inducer-obliterator 1, while BioGRID indicates 40 interactions identified via
high-throughput methods, however, very little has been validated. Interestingly, high-
throughput genomic analyses in GBM suggest that high expression of GPatch8 correlates to
a longer survival time.[84] Further characterization of these potential protein complexes is
necessary, but this demonstrates how utilizing this approach can define novel complexes that
may have biological significance.

Furthermore, our hierarchical clustering is another way to identify putative complexes.
Proteins are clustered by their elution profile, therefore those that cluster together are likely
to be in a complex together. Again, further validation studies to confirm such interactions are
necessary.

4.4. Limitations and Future Applications

While the Q Exactive HF Orbitrap has greater sensitivity than the older generations of mass
spectrometers, we indeed experienced some limitations of peptide detection. This is likely
due to the low expression levels of certain nuclear proteins. For example, the Polycomb
proteins that were identified by immunoblot analysis and co-IP MS were not detected in this
study. This is likely due to the high abundance of other nuclear proteins as well as
contamination from the cytosol and the mitochondria. To overcome such limitation, it will
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be necessary to continue improving nuclear enrichment protocols to remove background and
release more chromatin-bound proteins. Furthermore, there are additional challenges of
predicting nuclear and other sub-cellular protein complexes from the profiling data. As we
observed in this study, a significantly large number of proteins peaked in the column void
due to their large complex sizes and the limited mass range of the SEC column used. While
we were able to profile smaller and/or sub-complexes of these larger complexes, as it is
common for nuclear proteins to be a part of several different complexes,[37] further
experiments with a larger SEC column such as Superose 6 or orthogonal separation of SEC
fractions using other chromatographic separation techniques, such as ion exchange
chromatography and/or hydrophobic interaction chromatography, are necessary to resolve
the larger complexes. Finally, when predicting the My, of proteins, it is important to
consider that an Rqpp = 2 can be an artifact of large PTMs, such as poly-ubiquitin. Such
modifications can alter the molecular weight of the protein and may suggest it is in a larger
complex. Other analyses such as IP or MS-based PTM identification can aid in separating
out highly modified proteins from those in complexes.

It has been found that chromatin regulators are critical in proper development, cell lineage
specification, DNA damage repair, and much more. In some instances, these regulating
complexes have subunits with numerous paralogs creating compositional and functional
diversity. The methodology outlined in this article allows us to profile and identify cell-type
specific nuclear complexes. Being able to identify which composition is in a particular cell
type is the starting point to understanding the biological function of that specific complex
and how its function may vary from different compositions of the same complex.
Furthermore, in various cancers, it has been demonstrated that nuclear proteins can have
different interacting partners altering transcriptional function and driving oncogenesis. This
technique will allow us to define complexes of interest in healthy cells and then observe
complex compositional changes in the disease state. This can enable us to identify
oncogenic complexes.

In conclusion, we expect that this study provides useful data for future studies that are more
focused or targeted to specific protein complexes in humans. This study also provides an
initial framework to investigate how phosphorylation and acetylation affect protein complex
formation and function. Clustering proteins into different groups based on the similar elution
profiles allows the identification of known protein complexes as well as many currently
unknown protein complexes. This SEC approach can be used and expanded to characterize
the localization and dynamics of nuclear protein complexes in cells and tissues as a function
of different physiological or disease states, and to obtain insights into potential oncogenic
mechanisms.
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Significance Statement

In this study, we applied a protein complex analysis technique for human cells that
couples cell fractionation and chromatographic separation of endogenous protein
complexes with label-free LC-MS/MS protein abundance profiling across
chromatography fractions. Applying this technique to crude nuclear fractions isolated
from human Glioblastoma Multiforme (grade 1V glioma) cell line T98G, we identified
hundreds of proteins with apparent masses indicative of the existence of stable multi-
subunit protein complexes. Many of these protein complexes appear to be novel. Several
nuclear protein complexes identified by this method were confirmed by independent
Western Blot and co-immunoprecipitation (co-1P) experiments. Interactions of PARP1
with Ku70/Ku80, and HDAC1 with CHD4, were validated using co-IP and Western Blot
analyses. This study shows the utility of using label-free MS1 profiles to simultaneously
analyze the oligomerization states of endogenous nuclear proteins to form complexes,
and sets the stage for the addition of other techniques that should allow the determination
of protein complex composition and dynamics under different conditions. The whole
pipeline is simple to implement and can be expanded to any organisms and cell types to
predict the existence of distinct forms of nuclear protein complexes.
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Figurel.
Nuclear sample preparation. A) Immunoblot analysis of different nuclei lysis conditions

using the nuclear protein PARP1 and the chromatin-bound proteins CBX8 and TATA-
binding protein (TPB) to assess lysis. B) Quantitation of the immunoblot normalized to
radio-immumoprecipitation assay, a high detergent lysis buffer. C) Different buffer
compositions tested. D) Immunoblot analysis of whole cell lysate (WCL), cytoplasmic, and
nuclear fractions to demonstrate enrichment of nuclear proteins against lamin B1 (nuclear)
and a-tubulin cytoplasmic antibodies.
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Figure2.
Workflow of nuclear complex profiling. Harvested T98G cells were lysed to break the cell

membrane and centrifuged to collect nuclear fraction. Following the lysis of nuclear
membrane, nuclear extracts were separated by size exclusion chromatography. Peptides were
identified in each fraction with MaxQuant search. Relative protein abundance in each SEC
fraction was determined using intensity-based label-free quantitation. Mg, were calculated
for proteins identified in both biological replicates based on their elution profiles. The Mapp
was divided by Mpono to determine Rypp. Proteins with an Rapp 2 2 in both the replicate
were considered to be in a complex
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Reproducibility of SEC fractionation. A) Histogram showing the shift in peak elution
fraction of proteins between the two replicates. The peak elution of [2248]90% of the
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P F LSS

HDAC2 (bio 2)

proteins was determined within zero to one fraction shift. B) MS1 intensity profile of

HDAC?2 in the two biological replicates. C) Immunoblot analysis of SEC fractions for

verification. HDAC?2 elutes in higher molecular weight fractions F24-26. Nuclear lysate
control (15 £4g) to demonstrate expression level. MS1 intensity correlates to immunoblot
analysis for HDAC?2 in both biological replicates (Note: fraction F21 and lower are void,
unresolved complexes)
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Figure 4.
Protein identification and relative abundance profiling. A) Heatmap of Pearson correlation

values of relative protein abundances (intensities) across SEC fractions between both
biological replicates. The correlations coefficients were calculated using DAnTE.[33]
Proteins identified in both replicates (fractions 19-34) were used for the analysis. B) Elution
profiles of the npBAF complex demonstrating subunits co-elute in a single fraction. C)
Elution profiles of the 19S and 20S proteasome subunits. Distinct elution peaks of 19S and
20S in fraction 21 and 23, respectively, demonstrates the elution shift of the different size
complexes. Elution profiles of only Biol sample are shown. Elution profiles of npBAF and
proteasome complex subunits were similar for both the replicates. D) Cellular component
analysis of the proteins identified in both biological replicates. Components shown are
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significantly enriched in our analysis. E) Biological processes analysis of the proteins
identified in both replicates. Processes shown are significantly enriched in our analysis
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Figureb.
Cluster analysis and protein complex identification. A) Hierarchical clustering of protein

elution profiles. A total of 1794 nuclear proteins identified in both the biological replicates
were clustered based on their SEC elution profiles and displayed as a heatmap. Only
biological replicate 1 is shown. Numbers on the top show the molecular masses of protein
standards used to calibrate the column. A searchable high resolution heatmap of proteins is
shown in Figure S5A, Supporting Information for Biol and S5B for Bio2. B) Distribution of
monomer and Mgp, (kDa) of all the 1794 proteins in both biological replicates. C) Scatter
plot showing the distribution of calculated Rap, for proteins identified in both biological
replicates
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Figure 6.
Validation of NHEJ and NuRD complex. A) SEC immunoblot profile from biological

replicate 1 demonstrating a co-elution of PARP1, Ku80, and Ku70. Nuclear lysate control
(15 1g) to demonstrate protein expression levels. B) Elution profiles of PARP1, PCNA,
Ku80, and Ku70 components across SEC fractions. The immunoblot profile matches the
intensity profiles for each protein across SEC fractions. C) Immunoblot of Ku70 IP staining
with antibodies against PARP1, Ku70, PCNA, and Ku80. D) STRING interactome of
PARP1 indicating an interaction with PCNA. E) SEC immunoblot profile from Biol
showing a co-elution of CHD4 and HDAC1 components of the NURD complex. Nuclear
lysate control (15 £g) to demonstrate protein expression. F) SEC elution profiles of CHDA4,
HDAC1, and RBBP7 components of the NURD complex. G) Immunoblot of HDACL1 IP
staining with antibodies against HDAC1 and Mi2 (CHD3/4). Similar results were observed
for Bio2
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Predicted sizes compared to experimentally determined complexes. Numbers in parenthesis after complex
names indicate the reference/s of the known complex size. Mgpp; Apparent mass determined based on SEC

elution profile of the proteins.

Subunit (Complex name)

Known size [kDa] (Literature)

M app [kDa] (This study)

ENL (Super Elongation Complex) (44) 337

EZH2 (PRC2) (46)

HDAC3 (NCOR) (45)

CHD4 (NuRD) (37)

SIN3a (SIN3a/HDAC) (37)
PSA1 (20S Proteasome) (42)
TRAP1 (19S proteasome) (42)
TRAP1 (19S proteasome) (42)
SSRP1 (FACT) (2)

MSH6 (MSH2/6-PCNA) (2)

444
501
505
398
700
900
301
195
285

649
500
649
649
649
500
649
228
228
296
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