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ABSTRACT

Studying protein interactions in vivo can reveal key molecular mechanisms of biological processes. Co-immunoprecipitation with mass spec-
trometry detects protein—protein interactions with high throughput. The nematode Caenorhabditis elegans is a powerful genetic model organism
for in vivo studies. Yet its rigid and complex tissues require optimization for biochemistry applications to ensure reproducibility. The authors op-
timized co-immunoprecipitation with mass spectrometry by combining a native co-immunoprecipitation procedure with single-pot, solid-phase
enhanced sample preparation. The authors’ results for the highly conserved chromatin regulator FACT subunits HMG-3 and HMG-4 demon-
strated that single-pot, solid-phase enhanced sample preparation-integrated co-immunoprecipitation with mass spectrometry procedures for C.
elegans samples are highly robust. Moreover, in an accompanying study about the chromodomain factor MRG-1 (MRG15 in humans), the authors
demonstrated remarkably high reproducibility for ten replicate experiments.

METHOD SUMMARY
A combination of cryofracture and single-pot, solid-phase enhanced sample preparation for the performance of co-immunoprecipitation with
mass spectrometry provides robust assessments of protein—protein interactions using Caenorhabditis elegans whole animals.

TWEETABLE ABSTRACT
Implementation of single-pot, solid-phase enhanced sample preparation provides robust assessments of protein—protein interactions using
Caenorhabditis elegans whole animals.
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In living organisms, proteins are essential components of cellular structures and transport machinery and perform vital enzymatic reac-
tions during biochemical processes. Furthermore, proteins have central functions for gene expression and DNA maintenance. Therefore,
studying protein—protein interactions is important for understanding the vast array of molecular mechanisms and biochemical pathways
in living cells.

Although in vitro applications such as protein pull-downs indicate potential interactions, the detection of protein—protein interac-
tions directly from cells is critical for obtaining relevant insight into actual protein—protein interaction networks. The application of
co-immunoprecipitation with mass spectrometry (ColP-MS) allows detection of in vivo protein—protein interactions. However, because
of various factors that depend on the type of research model used, co-immunoprecipitation (ColP) from multicellular organisms is not
straightforward.

The nematode Caenorhabditis elegans is a powerful genetic model organism. However, its rigid cuticle and complex tissues require
optimization for protein biochemistry applications to ensure reproducibility of experimental outcomes. Therefore, the authors optimized
the application of ColP-MS to C. elegans by combining a native ColP procedure with an efficient sample preparation technique called
single-pot, solid-phase enhanced sample preparation (SP3) [1,2].

Standard native ColP protocols for C. elegans involve physical and chemical shearing to break up the tough cuticle layer. For physical
shearing, an instant freeze step in liquid nitrogen preserves protein—protein interactions during subsequent cryofracture of the animals.
Cryofracture makes tissues accessible for buffers containing required chemicals such as detergents to solubilize proteins prior to mass
spectrometry (MS) analysis [3]. However, detergents and other components of lysis buffers that need to be used for the lysis of rigid C. el-
egans tissues strongly interfere with MS analysis, resulting in reduced reproducibility of experiments [4]. After proteins are released from
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the tissues, a sonication step is necessary for the fragmentation of viscous DNA to prevent interference with the target protein’s precip-
itation. Removing excessive DNA is especially important when purifying chromatin-regulating proteins because unspecific interactions
could be mediated via genomic DNA. To distinguish specific interactions from unspecific binding proteins, which can cause significant
background and noise, the immunoprecipitated samples are compared with a proper negative control [5]. Nonspecific background con-
taminants can be caused either by the affinity of unspecific proteins for the solid matrices used to precipitate the target protein or by
cross-reactivities of antibodies. Having unique and efficient antibodies for the target protein of choice is not always feasible but can
be bypassed by fusing epitope tags such as HA or FLAG to the target protein [6]. Some commercially available antibodies against such
epitopes provide high-affinity binding, allowing stringent washing procedures during purifications steps to remove background binders.
Additionally, magnetic beads that are already coupled to, for example, anti-HA antibodies or protein A/G with high affinities for primary
antibodies (immunoglobulins) allow magnetic separation of the target protein and its interacting proteins in a highly efficient and spe-
cific manner. Again, strong detergents and denaturing conditions need to be used to elute the target protein from the beads. However, as
mentioned earlier, detergents are problematic, as they are incompatible with the enzymes used for proteolysis in bottom-up proteomics
and MS analysis. Therefore, various methods, including ultrafiltration [7] and precipitation [8], have been utilized to purify protein samples
prior to MS analysis. Yet these methods have shortcomings, as they usually require relatively high amounts of sample and are therefore
not suited for high-throughput sample preparations. To address this, a technique known as SP3 was developed as a rapid and efficient
method of purifying protein that is compatible with a range of chemicals without being restricted to high-input material [1,9]. SP3 makes
use of carboxylated magnetic beads with a hydrophilic surface to confine proteins and peptides in a manner similar to that obtained
with hydrophilic interaction liquid chromatography [10]. In addition, aggregation of insoluble proteins on carboxylated beads under high
organic solvent conditions has been demonstrated as a binding mechanism [11]. Proteins trapped on the beads can then be washed
vigorously to eliminate contaminants, detergents and salts that interfere with MS.

To improve ColP-MS analysis of protein—protein interactions in whole animal lysates of C. elegans, which contain a number of strong
detergents and salts, the authors established a ColP-MS working pipeline with integrated SP3 application. Additionally, the authors
tested the effects of enzymes that remove DNA and RNA, which can cause background. Based on the subunits HMG-3 and HMG-4 of
the heteromeric chromatin remodeler FACT [12-14], the authors demonstrated that the SP3-integrated ColP-MS procedure for C. elegans
samples is highly accurate and robust.

The wild-type C. elegans Bristol strain N2 and CRISPR strains were maintained according to the standard protocol at 20°. The strains
used in this study were: BAT1753 hmg-3 (bar24[hmg-3::3xHA]) |, (CRISPR/Cas9), BAT1954 hmg-4 (bar30[hmg-4::3xHA]) Ill (CRISPR/Cas9),
wild-type N2.

Synchronized worms were obtained by standard bleaching procedure using sodium hypochlorite solution to disintegrate gravid adult
worms as previously described [14]. Briefly, 5% sodium hypochlorite solution was mixed with 1 M NaOH and water in a 3:2:5 ratio. M9
buffer was applied to wash the worms off nematode growth medium plates. Worms in M9 buffer were mixed with bleaching solution
for 5 min in a 1:1 ratio and vortexed until the adults started dissolving. To remove bleach solution completely, released embryos were
washed three times with M9 buffer. After overnight incubation, synchronized L1 stage worms were obtained. L1s were applied directly
onto regular nematode growth medium plates for further maintenance of a synchronized population.

Input and ColP samples were frozen at-20°C. Right before loading, SDS-PAGE sample buffer was added. Samples were boiled for 10 min
to denature the proteins and centrifuged for 10 min at full speed. HMG-3::3xHA and HMG-4::3xHA were detected with anti-HMG-3/-4
antibody (Pineda, Berlin, Germany) at a dilution of 1:1000.

The authors used anti-HMG-3/-4 antibody (Pineda, Berlin, Germany), ChIP-grade anti-HA antibody (ab9110; Abcam, Cambridge, UK), mag-
netic carboxylate-modified Sera-Mag A beads (category no. 09-981-121; Thermo Fisher Scientific, MA, USA) and magnetic carboxylate-
modified Sera-Mag B beads (category no. 09-981-123; Thermo Fisher Scientific).

For each condition, three biological replicates were collected as 300 ul of L4/young adult stage worm pellet. Wild-type, HMG-3::3xHA and
HMG-4::3xHA worms were collected in M9 buffer, washed four times with M9 to remove bacteria and concentrated into a worm pellet
after the last wash. The worm pellet was added dropwise to liquid nitrogen, paying special attention to be sure that the resulting ‘worm
beads’ were around the size of black pepper to ensure even grinding afterward. With the help of a pulverizer, the frozen worms were then
cryofractured. To achieve even grinding of all tissues, worms were further ground using a mortar and pestle on dry ice. The worm powder
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was mixed with 1.5x lysis buffer (20 mM HEPES [pH 7.4], 150 mM NaCl, 2 mM MgCI2, 0.1% Tween 20 and protease inhibitors), dounced
with a tight douncer 30 times and sonicated using a Bioruptor (Diagenode, USA, MA) with high setting (30 s on and 30 s off a total of
six times). The resulting worm lysis was centrifuged at 16,000 x g at 4° for 10 min to remove the insoluble pellet. The supernatant was
transferred to 2-ml Eppendorf (Hamburg, Germany) tubes. The protein concentration of each worm lysis for each biological replicate
was determined by Bradford assay and set to 2 mg/ml. ChIP-grade anti-HA antibody was then added to the samples to incubate for
30 min on a rotator at 4°C. Next, uMACS Protein A beads (Miltenyi Biotec, North Rhine-Westphalia, Germany) were added to the samples
as instructed in the kit, and samples were incubated for 30 min on a rotator at 4°C [15]. Meanwhile, the uMACS columns were placed
on a magnetic separator to be equilibrated and ready for sample application. Samples were diluted to 5x their volume with lysis buffer,
adding up to 10 ml before being applied to columns, and the columns with bound proteins were washed three times with lysis buffer
to remove background binders. The proteins were eluted with elution buffer (100 mM Tris-Cl [pH 6.8], 4% SDS, 20 mM DTT) and heated
to 95°C. Eluted samples were prepared for MS measurements by SP3 [1,2]. After the final elution step, the amount of protein in ColP
samples in SDS buffer was determined by a detergent-compatible assay that was compatible with SDS to a final amount of 50 ug/ul
before SP3 cleanup.

Magnetic carboxylate-modified Sera-Mag A and Sera-Mag B beads were brought to room temperature for 10 min. A volume of 20 pl Sera-
Mag A beads was combined with 20 ul of Sera-Mag B beads and washed with 160 ul of water by placing the water-bead mixture on a
magnetic rack for PCR tubes (DynaMag-PCR magnet, category no. 492025; Thermo Fisher Scientific), and beads were settled for 2 min.
Magnetic beads were rinsed with 200 ul of LC-MS-grade water (Thermo Fisher Scientific) by pipette mixing (off the magnetic stand); this
was repeated two additional times. The final bead pellet was stored in 100 ul of water in the refrigerator until use. A ColP sample in the
amount of 50 pg was transferred to a PCR tube and incubated with 1 ul of DNase or Benzonase (category no. E8263; Sigma-Aldrich, MO,
USA) at 37°C for 30 min to shear and digest nucleic acids. Benzonase is an endonuclease from Serratia marcescens that can degrade
all types of DNA and RNA but has no proteolytic activity. A volume of 10 ul of 50 mM TCEP in 50 mM ABC was added for reduction and
incubated at 25°C for 20 min. A total of 10 ul of 400 mM CAA in 50 mM ABC was added for alkylation of the samples and incubated at
25°C for 30 min in the dark. Next, 5 ul of the bead stock was added to each sample. For buffer exchange, acetonitrile was added to a
final percentage of 50% (v/v) and incubated for 10 min off the magnetic rack while vortexing with Vortex Genie (Scientific Industries, Inc.,
NY, USA) at level 4 with 1-min intervals, avoiding spillovers from one tube to another. The samples were then incubated on a magnetic
rack for 2 min, and the supernatant was discarded. Next, 80% (v/v) 200 ul ethanol was added, and the samples were incubated off the
magnetic rack for 30 s. The samples were then incubated on a magnetic rack for 2 min, and the supernatant was discarded. Another
round of washing step was carried out. A total of 180 ul acetonitrile was added and incubated for 15 s off the magnetic rack followed by
2-min incubation on a magnetic rack. The supernatant was discarded, and the samples were air-dried in a safety hood.

The beads were reconstituted in 5 pl digestion solution consisting of 50 mM HEPES plus Trypsin/Lys-C mix (1:25 enzyme-to-substrate
ratio with 1 ug trypsin and 1 ug Lys-C per sample) and incubated for 14-16 h at 37°C (PCR machine with 80°C heated lid). For peptide
recovery, tubes were placed on the magnetic rack for 2 min, and the supernatant was collected in fresh tubes. A total of 40 pl 50 mM
HEPES was added to the beads, which were resuspended, sonicated for 3 min and placed on a magnetic rack. The supernatant was
collected and combined with the first supernatant. The sample was acidified with TFA to a final concentration of 1% (v/v). To remove
salts and contamination, stage tips with two layers of C18 were prepared as described previously [16]. To condition the stage tips, 100 pl
MEOQH, 100 wd 50% (v/v) acetonitrile and 100 pl 0.1% (v/v) formic acid were used. The samples were then loaded to the stage tips followed
by washes with 100 pl 2% ACN, 100 ul 1% TFA and 100 ul 1% FA. The stage tips were either stored at 4°C until use or eluted immediately
with 50% acetonitrile and 0.1% FA. The peptides were concentrated and dried using a SpeedVac (Thermo Fisher Scientific) at 35°C for
approximately 30 min. Concentrated peptides were resuspended in 5 pl 0.1% TFA, and a volume of 2 pl was used for injection into LC-MS.

Samples were measured with 1-h gradient at 15K resolution and 100-ms injection time by LC-MS/MS on a Q Exactive Plus mass spec-
trometer (Thermo Fisher Scientific) connected to an EASY-nLC system (Thermo Fisher Scientific). The samples were separated on a
44-min gradient, ramping from 5 to 55% acetonitrile, using an in-house-prepared nano-liquid chromatography column (0.074 x 250-mm,
3-um ReproSil C18; Dr Maisch HPLC GmbH, Ammerbuch, Germany) and a flow rate of 250 nl/min. MS acquisition was operated at an
MST1 resolution of 70,000 and a scan range of 300-1700 m/z. For data-dependent MS2 acquisition, the top ten peaks were selected for
MS2 with a resolution of 17,500, maximum injection time of 60 ms and isolation window of 2 m/z. Automatic gain control target was
set to 2.5e3, and dynamic exclusion was specified at 20 s.

Raw data files were processed with default settings (unless stated otherwise) in MaxQuant 1.5.2.8. [17]. Protein quantification was per-
formed using the label-free quantification (LFQ) MaxLFQ algorithm [18]. The ‘match between runs’ option was chosen for transferring
MS/MS identifications between LC-MS/MS runs. Trypsin/P enzyme was used at the specific enzyme setting. Cysteine carbamidomethy-
lation was used as fixed modification, and oxidation of methionine and acetylation of the protein N terminus were set as variable modifi-
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cations. Minimum peptide length of amino acids was set to seven, and a maximum of two missed cleavages were allowed. The resulting
‘proteinGroups.txt’ was then processed using an online tool [19].

Interaction proteomics involves detecting the specific interactors of a particular protein when those interactors are significantly enriched.
For this purpose, label-free purification methods provide sufficient robustness with the implementation of the LFQ algorithm in MaxQuant
software [18]. When label-free approaches such as MaxLFQ were compared with metabolic labeling, MaxLFQ proved to be as accurate
as, for example, SILAC [20]. Overall, LFQ analysis is suitable for interaction proteomics, but accurate assessment of individual protein
ratios in LFQ requires a t-test with three or more replicates [18]. Therefore, the authors performed at least three biological replicates for
each bait protein. During method optimization, manual cryofracturing was performed using a mortar and pestle (Figure 1).

For cryofracturing, worms were first frozen in liquid nitrogen as pellets and subsequently powdered using hammering and grinding
followed by cell lysis and sonication (Figure 1). For the authors’ endogenously expressed 3xHA-tagged proteins (derived by CRISPR/Cas9
gene editing), samples were incubated with anti-HA antibodies followed by protein A, which were coupled to magnetic beads and there-
fore allowed efficient separation of the beads from bound protein using magnetic racks. After eluting the proteins off the immunopre-
cipitation beads using an SDS- and DTT-containing elution buffer, the protein fraction was further cleaned up using SP3 [1,2]. The authors
rationalized that cleaning up samples before MS analysis with SP3 would be beneficial because previous ColP-MS results without re-
moving detergent and salts using solid-phase enhanced purification resulted in low correlation of replicate experiments (Supplementary
Figure 1A). By contrast, the application of SP3 provided strong correlation of replicate experiments. The authors also demonstrated a re-
markable robustness of repeat experiments in a parallel study, showing the reproducibility of ten replicate experiments (Supplementary
Figure 1B) [21].

SP3 makes use of carboxylated magnetic beads with a hydrophilic surface to bind proteins and peptides, thereby allowing vigorous
washing steps to eliminate contaminants, detergents and salts that interfere with MS. Another aspect of removing noise-causing cell
components prior to performing immunoprecipitation is removing DNA and RNA. Nucleic acids can cause artificial interaction of DNA-
and RNA-binding proteins by bridging two proteins that bind nucleic acids but do not interact directly with each other [22]. DNA and RNA
can be eliminated from cell lysates by applying enzymes such as DNase and Benzonase, which cleave all DNA and RNA. However, it
is not clear whether their use can interfere with ColP-MS. Therefore, the authors assessed, as described in the following section, their
effect on ColP-MS. The authors used whole worm samples and targeted the chromatin-binding proteins HMG-3 and HMG-4, which was
previously tagged with 3xHA using CRISPR/Cas9 [14].

ColPs were performed separately with or without DNase and Benzonase treatment. Benzonase was chosen as a more efficient enzyme
compared with DNase and for its ability to chop down both DNA and RNA molecules at 4°C. To check the reaction efficiency of both
enzymes at 4°C, which is the temperature at which immunoprecipitation is carried out, 5 ng gDNA was incubated with each enzyme and
compared with a longer reaction period at 4°C (Figure 2A). Benzonase showed higher efficiency by digesting all of the gDNA at 4°C.
Although there was gDNA detectable after DNase application, less DNA was observed after 16 h at 4°C compared with that seen under
optimal reaction conditions with DNase and was an indication of the enzyme’s activity at 4°C. To compare the impact of Benzonase and
DNase treatment on chromatin regulator interactions, protein—protein interactions of the germline-specific chromatin regulator HMG-3
were compared between enzyme treatments and the control. In the control case, 41 proteins appeared to be interacting with HMG-3
significantly (Figure 2B). Gene Ontology analysis based on WormBase Enrichment analysis (https://wormbase.org/tools/enrichment)
revealed unexpected enrichments, such as for actin-binding and actin filament-based processes (Figure 2C). This might be due to HMG-
3's nonspecific interactions with structural proteins as a result of the presence of DNA. Upon DNase treatment (Figure 2D), Gene Ontology
term analysis of the significant interactors of HMG-3 showed the expected involvement in more chromatin-based and germline-specific
functions such as reproduction (Figure 2E). The elimination of DNA-directed, nonspecific interactions of HMG-3 upon DNase treatment
could account for a reduction in background interactions. In addition, Benzonase-applied samples showed different enrichment of protein
interactions (Figure 2F). Even though the analyzed protein amounts were the same in all samples, the number of interaction partners
and overall identified proteins dropped significantly for Benzonase-treated samples. This might be due to either the higher potency of
Benzonase or the degradation of RNA in addition to DNA upon Benzonase application (Figure 2G).

FACT subunits also directly interacted with RNA to stabilize the heterodimer [24]. Hence, degradation of RNAs may decrease their
interaction potential with other factors when FACT subunit association is decreased such that less interactions are detected (Figure 2D, F
& H). Generally, the presence of RNA is thought to be relevant for interactions with many other nuclear- and chromatin-associated factors
such that the presence of RNA may be relevant for detecting interactions of nuclear proteins [25].

Although Benzonase- and DNase-treated samples correlated well with regard to overall detected proteins (Supplementary Figure 2),
treatments with Benzonase and DNase can alter the detection of significantly enriched proteins (Figure 2H). Therefore, researchers
should consider applying both treatments if no information about the tested proteins is available and compare the results. In this case,
the authors chose DNase treatment to preserve potentially relevant FACT subunit interactions that may depend on the presence of RNA.
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In several affinity purification studies, large epitope tags were shown to be more likely to affect the function of proteins by changing their
conformation and folding [26]. Moreover, CRISPR knock-in of fluorescent proteins is known to be less efficient than smaller tags such
as HA [27].

With the goal of assessing the efficiency of small affinity purification based on the HA tag, the authors made use of strains tagged
with 3xHA at the C-terminus of FACT complex members HMG-3 and HMG-4 (Figure 3). FACT is a chromatin regulator that is identified
as a reprogramming barrier in both C. elegans and humans [14]. FACT’s interaction partners have not been previously analyzed in C.
elegans. FACT, which is composed of SSRP1/SUPT16H in humans [12-14], forms two different complexes based on the tissue type in C.
elegans [14]. FACT is composed of HMG-3 and SPT-16 in the germline, whereas HMG-4 is mostly absent in the germline. In somatic tissues,
HMG-3 is completely absent and substituted by HMG-4 to form the heterodimer with SPT-16. Keeping in mind the tissue specificity of the
FACT heterodimers in C. elegans, immunoprecipitating HMG-3 and HMG-4 with the same antibody to compare their interaction partners
was an ideal setup to evaluate the efficiency of the authors’ ColP-MS protocol.

To assess the robustness of the ColP protocol, CRISPR-edited animals carrying HMG-3::3xHA, HMG-4::3xHA and wild-type N2 worms
were prepared (Figure 3A). In the pull-down assays against HMG-3::3xHA and HMG-4::3xHA, 200 ul of worm pellet from young gravid
hermaphrodites was collected and snap frozen in liquid nitrogen. Three biological replicates were prepared in parallel for each strain.
The same anti-HA antibody was used with wild-type N2 worms to detect nonspecific binders of the antibody.

ColPs were prepared, and the abundance of co-purified proteins was assessed by label-free quantitative MS to identify proteins
specifically enriched in the HMG-3::3xHA and HMG-4::3xHA pull-downs (Figure 3A). The most significant interactor for both proteins
was their heterodimer partner, SPT-16 [12-14], indicating the robustness of the ColPs (Figure 3B—E). Notably, tissue ontology terms
for significantly enriched proteins for both HMG-3 and HMG-4 showed differential tissue expression, as expected. Although HMG-3-
enriched proteins were correlated exclusively with the germline, HMG-4 interacting proteins were correlated with gonadal primordium
and somatic cells such as neurons (Figure 3C & E). A total of 12 proteins were identified as interacting with both HMG-3 and HMG-4
(Figure 3F). Overall, these results revealed previously unknown potential interaction partners of FACT, demonstrating the high efficiency
of the authors’ ColP-MS method achieved by maintaining the tissue-specific interaction partners of HMG-3 and HMG-4.

Physiological processes in living organisms depend on protein interactions. Hence, studying the in vivo interactome of proteins is
required to expand our knowledge of protein dynamics derived from investigating cell lines outside of their physiological environ-
ments [28,29]. To establish a reliable method for studying protein interactions in a multicellular organism, the authors used the nematode
C. elegans. Although MS for protein interaction studies has been conducted in C. elegans previously [3,30,31], its application in worms
is not straightforward. Proper lysis of all tissues is difficult because of the cuticle, and the content of the entire worm body, such as fat
and other organic compounds, can severely confound reproducibility.

In this study, the authors are providing a highly reproducible and robust protocol for ColP-MS. The authors combined a native ColP
protocol for worm lysates with the SP3 method [1,2,9]. The authors introduced the 3xHA tag, which can be targeted using commercially
available anti-HA antibodies in a highly efficient manner by CRISPR to two proteins of interest: HMG-3 and HMG-4. In a parallel study,
which is reported in an accompanying article [21], the authors also tagged the chromatin regulator MRG-1 with 3xHA using CRISPR
editing. Wild-type animals without the 3xHA knock-in can be used as controls to eliminate background binders of the antibody as well as
purification resin. In order to have confidence in the data, three replicate experiments were performed for HMG-3 and HMG-4, whereas
in the accompanying study, at least ten replicates were performed for MRG-1. The authors also evaluated the effects of Benzonase and
DNase treatment of the protein lysate sample preparation. Both enzymes can be used to remove nucleic acids, as these can cause
background protein interactions of, for instance, chromatin-binding proteins such as HMG-3 and HMG-4. Interestingly, the number of
protein interactions and intensities of detected peptides for HMG-3 was significantly less for Benzonase-treated samples. Although
it remains to be understood whether this effect is due to the activity of Benzonase on RNA, the authors decided to apply DNase for
further analysis since many functionally relevant interactions of chromatin-binding proteins also depend on the presence of RNA and
DNA. DNase treatment may preserve potentially relevant interactions that may become otherwise undetectable as a result of decreased
peptide intensities upon treatment with Benzonase.

To measure the intensities of the precipitated proteins, the authors used LFQ. Although the detected peptides are utilized to deduce
the identity and quantity of proteins in bottom-up proteomics, MS measurements are not inherently quantitative [32]. In bottom-up pro-
teomics, mass spectrometers are usually coupled to HPLC. This enables the separation of complex peptide mixtures based on their
molecular features before ionization and transfer into the mass spectrometer [33]. lon signals corresponding to the peptides gathered
from the mass spectrometers cannot be inferred as the absolute abundance of the protein species in a given sample for several rea-
sons. First, the ionization efficiency can be immensely different for different types of peptides. Second, the protein purification methods
in use may favor specific types of proteins at the same time, causing the loss of others. In addition, the instrument in use may have dif-
ferent ranges of efficiency at different sampling time points. To circumvent these issues, stable isotope techniques such as metabolic
labeling or in vitro chemical labeling may be used for relative quantification of several samples [34]. The power of stable isotope-based
methods is to pool various samples and measure them in the same LC-MS run. Although the labeled and unlabeled peptides cannot
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Figure 3. Revealing tissue-specific FACT interacting proteins in Caenorhabditis elegans. (A) Protein extracts of wild-type N2, HMG-3::3xHA and
HMG-4::3xHA strains were incubated with ChIP-grade anti-HA antibody. (B & C) Correlation matrix of ColP-MS plotted as a heatmap, showing the
Pearson correlations between control samples and anti-HA ColP-MS experiments using HMG-3::3xHA or HMG-4::3xHA strains. (D & E) Volcano plots
showing specific protein interactions of HMG-3::HA and HMG-4::3xHA based on pull-down experiments of three biological replicates. HMG-3 and
HMG-4 interaction partners are shown in blue. HMG-3 and HMG-4 are shown in red. Stringency cutoffs (hyperbolic curves) are drawn with a 0.01 false
discovery rate, as indicated on the volcano plot. (F & G) Tissue enrichment analysis of proteins interacting with HMG-3 and HMG-4 using WormBase

WS279 (q < 0.1). (H) Venn diagram showing the overlapping interactors of HMG-3 and HMG-4.

ColP-MS: Co-immunoprecipitation with mass spectrometry.
Venn diagram generated using InteractiVenn [23].



be distinguished based on their chemical composition and chromatographic behavior, MS can differentiate them based on their mass
difference. However, using stable isotope labeling methods is labor-intensive, time-consuming and costly when applied in model organ-
isms. As an alternative to label-based methods, different LFQ methods can be used. For example, simple spectral counting, such as
protein abundance index [35] and extracted ion chromatography-based methods by incorporating peptide ion intensities to their chro-
matographic profiles [36]. These approaches can add an extra dimension to the quantification of the peptides may make extracted ion
chromatography-based methods be superior to spectral counting. The advancement of label-free methods has continued and implemen-
tation of the LFQ algorithm in MaxQuant software further increased accuracy [18]. A previous study comparing metabolic labeling and
label-free approaches for interaction proteomics in a mouse cell line revealed that MaxLFQ achieved quantification properties similar
to those observed with SILAC, although low LFQ intensities resulted in reduced accuracy [20]. Nevertheless, for interaction proteomics,
the specific interactors of a given protein are detected if their enrichment levels are significant, which makes LFQ analysis the method
of choice for interaction proteomics in C. elegans in the authors’ study.

Future perspective

The LFQ analysis of HMG-3 and HMG-4 ColP-MS in the current study as well as of MRG-1 in the accompanying study [21] delivered highly
reproducible results. We confirmed predicted interactions, such as with SPT-16 [12-14], in a highly robust manner. Moreover, all 11 ColP-
MS procedures for MRG-1 showed a very strong correlation based on Pearson correlations in the accompanying study [21]. Overall, our
protocol enables an efficient and robust examination of protein interactions in C. elegans based on ColP-MS. For future applications, C.
elegans provides the potential to reveal tissue-specific protein interactions, particularly when epitope-tagged proteins are expressed in
confined tissue lineages. In addition, tissue-specific labeling techniques such as in vivo biotinylation [37] can be applied, and interactions
can be validated via microscopy-based approaches.

Executive summary

Background

» To elucidate the protein—protein interactions of chromatin-regulating factors in Caenorhabditis elegans, the authors established a highly
robust co-immunoprecipitation protocol for subsequent mass spectrometry analysis.

Methods

» The authors used co-immunoprecipitation in combination with single-pot, solid-phase enhanced sample preparation followed by mass
spectrometry and label-free quantification.

Results

» The combination with single-pot, solid-phase enhanced sample preparation provides highly robust and reproducible
co-immunoprecipitation with mass spectrometry for C. elegans protein lysates.

o As a proof of concept, co-immunoprecipitation with mass spectrometry with single-pot, solid-phase enhanced sample preparation was
performed for FACT subunit proteins.

o The FACT subunits HMG-3 and HMG-4 were tagged with a 3xHA epitope tag using CRISPR/Cas9 in C. elegans.

Discussion & conclusion

» Known and novel protein—protein interactions of HMG-3 and HMG-4 were identified and will be characterized to better understand how
FACT regulates chromatin in C. elegans.

Supplementary data
To view the supplementary data that accompany this paper please visit the journal website at: www.future-science.com/doi/
suppl/10.2144/btn-2021-0074

Author contributions
G Baytek conceptualized the study, performed experiments, analyzed data and wrote the manuscript. O Popp helped with experiments
and advised. P Mertins advised. B Tursun helped in conceptualizing the manuscript, advised and supported manuscript writing.

Acknowledgments
The authors would like to thank S Herzog for their technical assistance during the creation of this article.

Financial & competing interests disclosure
Caenorhabditis elegans strains were provided by the NIH-funded Caenorhabditis Genetics Center (P400D010440). This work was partly
sponsored by the European Research Council (ERC-StG-2014-637530) and the Max Delbriick Center for Molecular Medicine in the
Helmholtz Association. All procedures conducted in this study were approved by the Berlin State Department for Health and Social
Affairs. The authors have no other relevant affiliations or financial involvement with any organization or entity with a financial interest in
or financial conflict with the subject matter or materials discussed in the manuscript apart from those disclosed.

No writing assistance was utilized in the production of this manuscript.

Vol. 72 ‘ No. 5 ‘@ 2022 Future Science Ltd 1 83 www.BioTechniques.com



https://www.future-science.com/doi/suppl/10.2144/btn-2021-0074

Ethical conduct of research

The authors state that they have obtained appropriate institutional review board approval or have followed the principles outlined in
the Declaration of Helsinki for all human or animal experimental investigations. In addition, for investigations involving human subjects,
informed consent has been obtained from the participants involved.

Open access
This work is licensed under the Attribution-NonCommercial-NoDerivatives 4.0 Unported License. To view a copy of this license, visit
http://creativecommons.org/licenses/by-nc-nd/4.0/

References

1.
2.

o &

© o N o

1.

12
13.

14.
15.
16.

17.

18.

19.
20.

21.

22.

23.
24.

25.
26.
27.

28.
29.

30.
31.

32.
33.
34.
35.
36.

37.

Hughes CS, Foehr S, Garfield DA, Furlong EE, Steinmetz LM, Krijgsveld J. Ultrasensitive proteome analysis using paramagnetic bead technology. Mol. Syst. Biol. 10(10), 757 (2014).

Hughes CS, Moggridge S, Miiller T, Sorensen PH, Morin GB, Krijgsveld J. Single-pot, solid-phase-enhanced sample preparation for proteomics experiments. Nat. Protoc. 14(1), 68-85
(2019).

Fonslow BR, Moresco JJ, Tu PG et al. Mass spectrometry-based shotgun proteomic analysis of C. elegans protein complexes. WormBook 1(1), 1-18 (2014).
Sielaff M, Kuharev J, Bohn T et al. Evaluation of FASP, SP3, and iST protocols for proteomic sample preparation in the low microgram range. J. Proteome Res. 16(11), 4060-4072 (2017).

Vermeulen M, Hubner NC, Mann M. High confidence determination of specific protein-protein interactions using quantitative mass spectrometry. Curr. Opin. Biotechnol. 19(4), 331-337
(2008).

Brizzard B. Epitope tagging. BioTechniques 44(5), 693-695 (2008).
Wisniewski JR, Zougman A, Nagaraj N, Mann M. Universal sample preparation method for proteome analysis. Nat. Methods 6(5), 359-362 (2009).
Wessel D, Fliigge Ul. A method for the quantitative recovery of protein in dilute solution in the presence of detergents and lipids. Anal. Biochem. 138(1), 141-143 (1984).

Moggridge S, Sorensen PH, Morin GB, Hughes CS. Extending the compatibility of the SP3 paramagnetic bead processing approach for proteomics. J. Proteome Res. 17(4), 1730-1740
(2018).

. Alpert AJ. Hydrophilic-interaction chromatography for the separation of peptides, nucleic acids and other polar compounds. J. Chromatogr. 499, 177-196 (1990).

Batth TS, Tollenaere MAX, Riither P et al. Protein aggregation capture on microparticles enables multipurpose proteomics sample preparation. Mol. Cell. Proteomics 18(5), 1027-1035
(2019).

Orphanides G, LeRoy G, Chang CH, Luse DS, Reinberg D. FACT, a factor that facilitates transcript elongation through nucleosomes. Cell 92(1), 105-116 (1998).

Orphanides G, Wu WH, Lane WS, Hampsey M, Reinberg D. The chromatin-specific transcription elongation factor FACT comprises human SPT16 and SSRP1 proteins. Nature 400(6741),
284-288 (1999).

Kolundzic E, Ofenbauer A, Bulut Sl et al. FACT sets a barrier for cell fate reprogramming in Caenorhabditis elegans and human cells. Dev. Cell 46(5), 611-626.€12 (2018).
Wright K. Antibodies: a laboratory manual. Biochem. Educ. 17(4), 220 (1989).

Rappsilber J, Ishihama Y, Mann M. Stop and go extraction tips for matrix-assisted laser desorption/ionization, nanoelectrospray, and LC/MS sample pretreatment in proteomics. Anal.
Chem. 75(3), 663-670 (2003).

Cox J, Mann M. MaxQuant enables high peptide identification rates, individualized p.p.b.-range mass accuracies and proteome-wide protein quantification. Nat. Biotechnol. 26(12), 1367-
1372 (2008).

Cox J, Hein MY, Luber CA, Paron |, Nagaraj N, Mann M. Accurate proteome-wide label-free quantification by delayed normalization and maximal peptide ratio extraction, termed MaxLFQ.
Mol. Cell. Proteomics 13(9), 2513-2526 (2014).

Singh S, Hein MY, Stewart AF. msVolcano: a flexible web application for visualizing quantitative proteomics data. Proteomics 16(18), 2491-2494 (2016).

Eberl HC, Spruijt CG, Kelstrup CD, Vermeulen M, Mann M. A map of general and specialized chromatin readers in mouse tissues generated by label-free interaction proteomics. Mol. Cell
49(2), 368-378 (2013).

Baytek G, Blume A, Demirel FG, Bulut S. SUMOylation of the chromodomain factor MRG-1 in C. elegans affects chromatin-regulatory dynamics. bioRxiv doi:10.1101/2021.02.14.431134
(2021) (Epub ahead of print).

Fiil BK, Qiu JL, Petersen K, Petersen M, Mundy J. Coimmunoprecipitation (co-IP) of nuclear proteins and chromatin immunoprecipitation (ChIP) from Arabidopsis. CSH Protoc. 2008,
pdb.prot5049 (2008).

Heberle H, Meirelles VG, da Silva FR, Telles GP, Minghim R. InteractiVenn: a web-based tool for the analysis of sets through Venn diagrams. BMC Bioinformatics 16(1), 1-7 (2015).

Safina A, Garcia H, Commane M et al. Complex mutual regulation of facilitates chromatin transcription (FACT) subunits on both mRNA and protein levels in human cells. Cell Cycle 12(15),
2423-2434 (2013).

Xiao R, Chen JY, Liang Z et al. Pervasive chromatin—RNA binding protein interactions enable RNA-based regulation of transcription. Cell 178(1), 107-121.e18 (2019).
Kimple ME, Brill AL, Pasker RL. Overview of affinity tags for protein purification. Curr. Protoc. Protein Sci. 73(Suppl. 73), 9.9.1-9.9.23 (2013).

Dokshin GA, Ghanta KS, Piscopo KM, Mello CC. Robust genome editing with short single-stranded and long, partially single-stranded DNA donors in Caenorhabditis elegans. Genetics
210(3), 781-787 (2018).

Rual JF, Venkatesan K, Hao T et al. Towards a proteome-scale map of the human protein-protein interaction network. Nature 437(7062), 1173-1178 (2005).

Papachristou EK, Kishore K, Holding AN et al. A quantitative mass spectrometry-based approach to monitor the dynamics of endogenous chromatin-associated protein complexes. Nat.
Commun. 9(1), 2311 (2018).

Knutson JS. Gene alterations NIH public access. Bone 23(1), 1-7 (2014).

Chen JX, Cipriani PG, Mecenas D et al. In vivo interaction proteomics in Caenorhabditis elegans embryos provides new insights into P granule dynamics. Mol. Cell. Proteomics 15(5),
1642-1657 (2016).

Aebersold R, Mann M. Mass spectrometry-based proteomics. 422(6928), 198-207 (2003).

Zhang Y, Fonslow BR, Shan B, Baek MC, Yates JR. Protein analysis by shotgun/bottom-up proteomics. Chem. Rev. 113(4), 2343-2394 (2013).

Bantscheff M, Schirle M, Sweetman G, Rick J, Kuster B. Quantitative mass spectrometry in proteomics: a critical review. Anal. Bioanal. Chem. 389(4), 1017-1031 (2007).
Rappsilber J, Ryder U, Lamond Al, Mann M. Large-scale proteomic analysis of the human spliceosome. Genome Res. 12(8), 1231-1245 (2002).

Grossmann J, Roschitzki B, Panse C et al. Implementation and evaluation of relative and absolute quantification in shotgun proteomics with label-free methods. J. Proteomics 73(9),
1740-1746 (2010).

Waaijers S, Muiioz J, Berends C et al. A tissue-specific protein purification approach in Caenorhabditis elegans identifies novel interaction partners of DLG-1/Discs large. BMC Biol. 14(1),
66 (2016).

Vol. 72 ‘ No. 5 ‘@ 2022 Future Science Ltd 1 84 www.BioTechniques.com


http://creativecommons.org/licenses/by-nc-nd/4.0/


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Coated FOGRA39 \050ISO 12647-2:2004\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 400
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 400
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on 'PPG Indesign CS4_5_5.5'] [Based on 'PPG Indesign CS3 PDF Export'] Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo false
      /AddRegMarks true
      /BleedOffset [
        8.503940
        8.503940
        8.503940
        8.503940
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions false
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 600
        /LineArtTextResolution 2400
        /PresetName (Pureprint flattener)
        /PresetSelector /UseName
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 8.835590
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


