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Abstract Detailed knowledge of the composition of pro-
tein complexes is crucial for the understanding of their
structure and function; however, appropriate techniques
for compositional analyses of complexes largely rely on
elaborate tagging, immunoprecipitation, cross-linking and
purification strategies. The proteasome is a prototypical
protein complex and therefore an excellent model to assess
new methods for protein complex characterisation. Here we
evaluated the applicability of Blue Native (BN) PAGE in
combination with label-free protein quantification and pro-
tein correlation profiling (PCP) for the investigation of
proteasome complexes directly from biological samples.
Using the purified human 20S proteasome we showed that
the approach can accurately detect members of a complex by
clustering their gel migration profiles. We applied the
approach to address proteasome composition in the schizont
stage of the malaria parasite Plasmodium falciparum. The
analysis, performed in the background of the whole protein
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extract, revealed that all subunits comigrated and formed a
tight cluster with a single maximum, demonstrating presence
of a single form of the 20S proteasome. This study shows that
BN PAGE in combination with label-free quantification and
PCP is applicable to the analysis of multiprotein complexes
directly from complex protein mixtures.
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Abbreviations

BN PAGE Blue native polyacrylamide gel
electrophoresis

MS Mass spectrometry

PCP Protein correlation profiling

PAI Protein abundance index

AUC Area under the curve

iBAQ Intensity-based absolute quantification

Introduction

Multiprotein complexes are vital supramolecular assem-
blies involved in almost every process in the cell. They
regulate diverse cell mechanisms, such as protein degra-
dation (proteasome) or protein translation (ribosome).
Information on their composition is crucial for under-
standing of their structure and molecular mechanisms they
mediate. Despite of the growing number of studies
addressing protein—protein interaction networks (interact-
omes), determining the exact composition of single com-
plexes is still a challenging task.

The compositional analysis of protein complexes is
usually performed by tagging one of the members of the
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protein complex, e.g. by Hisg-tag (Hochuli et al. 1988),
FLAG-tag (Ho et al. 2002) or TAP-tag (Gavin et al. 2002)
and performing immunoprecipitation against the tag(s). All
proteins that co-precipitate with the targeted protein are
assumed to be interactors and therefore potential members of
the complex. However, the binding properties of the indi-
vidual subunits can be influenced by tagging, by overex-
pression of one member of the complex, by presence or
absence of co-factors (e.g. ATP, protease and kinase mod-
ulators) or by employed buffer conditions. Since nonspecific
interactors may also be present in the precipitate, alternative
strategies have to be employed to validate the results.

Alternative method to analyse protein—protein interac-
tions is chemical cross-linking, where functional groups on
proteins present in close proximity are linked by cross-
linking reagents. Interacting proteins are identified after
isolation of the cross-linked complexes by, e.g. mass
spectrometry (Maiolica et al. 2007; Gingras et al. 2007).
Different strategies can be performed employing different
reactive groups, cleavable cross-linkers or cross-linkers
with affinity groups (Petrotchenko and Borchers 2010;
Leitner et al. 2010); however, the main limitation is the
difficulty to control specificity of cross-linking, especially
in the background of other cellular proteins.

Protein complexes can also be analysed in their native
form. The blue native polyacrylamide gel electrophoresis
(BN PAGE) was developed as a method to analyse mem-
brane proteins and protein complexes under native condi-
tions. In BN PAGE, the sample buffer and the cathode
buffer are supplemented with Coomassie G-250 to provide
a negative charge to proteins and to enable electrophoretic
mobility in the gel. Since no SDS is required for migration,
the electrophoresis is performed under native conditions.
To analyse composition of protein complexes in more
detail, SDS PAGE can be performed in a second dimension
to separate the members of the complex and to identify the
protein spots by western blotting or mass spectrometry
(Schigger and von Jagow 1991; Wittig et al. 2006).

The applicability of BN PAGE to the analysis of
membrane proteins and protein complexes has been shown
in several studies (Eubel et al. 2003; Fandino et al. 2005;
Sanders et al. 2007; Wittig and Schigger 2008). Most of
the studies employed a fractionation step before analysis
(e.g. organelle fractionation), but some demonstrated the
applicability of the BN PAGE to whole cell lysates
(Camacho-Carvajal et al. 2004).

The protein correlation profiling (PCP) is a computa-
tional method first introduced to assign proteins to different
organelles in the cell (Andersen et al. 2003; Foster et al.
2006). These studies employed a subcellular fractionation
by centrifugation in a sucrose gradient before analysis of
the resulting fractions by MS. Protein intensities from
adjacent fractions were combined into intensity profiles
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and correlated with the intensity profiles of marker proteins
known to be present in specific organelles. Thus, the PCP
requires a prefractionation step before the MS analysis to
obtain the intensity profiles. In most studies so far ultra-
centrifugation was used as fractionation method, but it was
shown that BN PAGE can also be applied (Wessels et al.
2009). Assuming that protein complexes stay intact during
BN PAGE, PCP may be used to assign identified proteins
to multiprotein complexes in protein mixtures by assessing
their comigration in the gel.

The 26S proteasome is an essential multiprotein com-
plex in eukaryotes, mainly responsible for the degradation
of proteins (Hershko and Ciechanover 1992; Bochtler et al.
1999; Glickman and Ciechanover 2002). It consists of one
20S core complex and two 19S regulatory particles. The
20S proteasome consists of 14 subunits, o1—o; and f1—f7;
the o- and the S-subunits form a heptameric ring structure,
the a_;-ring and the f;_;-ring. The complete 20S protea-
some is formed by the interaction of two a_-rings and two
f1_7-rings in the order ay_7f8;_7f3,_70i_7. This results in a
barrel-like structure with a molecular weight of about
700 kDa (Groll et al. 1997).

Malaria, caused by Plasmodium falciparum, is world-
wide the most important parasitic disease in terms of
morbidity and mortality. The high rate of resistance
development entails the continuous search for new drugs
(Mordmiiller and Kremsner 2006) and proteasome inhibi-
tors are one potential novel class of broad-spectrum anti-
malarials (Kreidenweiss et al. 2008; Tschan et al. 2011).
Consequently, detailed information about the target com-
plexes (the proteasome and PfHslV) is important. The
genome of P. falciparum (strain 3D7) was sequenced in
2002 (Gardner et al. 2002) and showed that the subunits of
the 20S proteasome are conserved, with high sequence
similarity compared with Saccharomyces cerevisiae
(Mordmiiller et al. 2006) and other eukaryotic organisms
(Gille et al. 2003). The structure and composition of the
20S proteasome in the parasite was not studied yet, but due
to sequence conservation it is proposed that the structure is
similar to the proteasome in human and yeast except for
interspersed low complexity regions in subunits f3;, 5, and
7 (Mordmiiller et al. 2006).

In this study we applied the combination of BN PAGE
with label-free protein quantification and PCP to study the
proteasome of P. falciparum in the schizont stage of the
parasite’s life cycle. We first used purified human 20S
proteasome to validate the applicability of the approach to
compositional analysis of the proteasome and, to a lesser
extent, to estimation of stoichiometry of complex subunits.
By applying the approach to the analysis of the 20S pro-
teasome of P. falciparum in the background of complete
protein extract, we showed that all 20S subunits comigrate
on the BN gel in a tight cluster, pointing to the presence of
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only one form of the proteasome in the schizont stage of
the life cycle.

Materials and methods
Cultivation of Plasmodium falciparum

The P. falciparum strain 3D7 was obtained from the
Malaria Research and Reference Reagent Resource Center
(MR4, Manassas, USA). The parasites were cultured in
erythrocytes (blood type 0, Rh.+) and RPMI-1640 medium
(PAA, Pasching, Austria) with a hematocrit of 5 %. The
parasite cultures were incubated in a humidified atmo-
sphere at 37 °C and in a gaseous environment of 5 % CO,,
5 % O, and 90 % N, (Binh et al. 1997). Synchronisation
with 5% sorbitol was performed once a week to keep the
parasites in a defined stage (Mordmiiller et al. 2006).

To prepare a parasite-enriched protein lysate, parasite
culture with a high parasitemia (>5 %) in the desired stage
was pelleted, the erythrocytes were lysed with 0.15 %
saponin in PBS (w/v) and washed until the supernatant was
free of haemoglobin (Fry and Beesley 1991). The parasites
were lysed using a high salt buffer (20 mM HEPES,
350 mM NaCl, 1 mM MgCl,, 0.5 mM EDTA, 0.1 mM
EGTA, 20 % glycerol, 1 % NP-40, pH 7.9) and complete
protease inhibitor cocktail (Roche Diagnostics GmbH,
Mannheim, Germany). The parasite debris was pelleted
and the supernatant containing the cytosolic proteins was
collected.

Blue native polyacrylamide gel electrophoresis
and western blot

The lysis buffer of the P. falciparum lysate was exchanged
against BN sample buffer (500 mM Aminocaproic acid,
20 mM Bis-Tris, 2 mM EDTA, 12 mM NaCl, 10 %
glycerol, pH 7.0, 4 °C) (Camacho-Carvajal et al. 2004) and
complete protease inhibitor cocktail (Roche Diagnostics
GmbH, Mannheim, Germany) using 30 kDa Nanoseps
(Pall, Dreieich, Germany). Ten micrograms of purified
human 20S proteasome (BostonBiochem, Cambridge,
USA), optionally supplemented with five proteins, fetuin,
o-casein, ff-casein, bovine serum albumin and carbonic
anhydrase (each 7.5 fmol), was mixed with 0.5 % Coo-
massie G-250 and applied to a self-casted 6.5 % BN gel. In
the second experiment, the same procedure was repeated
with 75 pg of the P. falciparum lysate. The electrophoresis
run was carried out with an cathode buffer (250 mM Tri-
cine, 75 mM Bis-Tris, pH 7.0, 4 °C) supplemented with
0.1 % Coomassie G-250 and an anode buffer (300 mM
Bis—Tris, pH 7.0, 4 °C). After one-third of the run the blue
cathode buffer was exchanged against cathode buffer

without Coomassie and the run was finished (Schigger and
von Jagow 1991; Wittig et al. 2006). NativeMark™
(Invitrogen GmbH, Darmstadt, Germany) was used to
estimate the size of the complexes.

For the western blot the protein complexes in the BN gel
were denatured with 1 % SDS, 1 % [-mercaptoethanol in
water (v/v) before transferring onto a nitrocellulose mem-
brane. The plasmodial and the human proteasome were
detected with a 20S proteasome antibody («1,2,3,5,6&7-
subunit, clone MCP231, Calbiochem, Darmstadt, Germany)
and an anti-mouse IgG HRP-linked secondary antibody
(Cell Signaling Technology Inc., Danvers, USA).

Mass spectrometry

The area in the gel containing the 20S proteasome detected
by western blot was cut into eight (human proteasome) and
twelve slices (plasmodia proteasome), respectively. The
gel pieces were destained by washing three times with
10 mM ammonium bicarbonate (ABC)/acetonitrile (ACN)
(1:1, v/v). The proteins were reduced with 10 mM DTT in
20 mM ABC (45 min, 56 °C) and alkylated in the dark
with 55 mM iodoacetamide in 20 mM ABC (30 min, RT).
After washing and dehydration the proteins were digested
with 12.5 ng/pl trypsin (sequence grade, Promega GmbH,
Mannheim, Germany) in 20 mM ABC (overnight, 37 °C).
The resulting peptides were extracted in three subsequent
incubation steps with 30 % ACN/3 % TFA, with 80 %
ACN/0.5 % acetic acid, and with 100% ACN. The super-
natants were combined, ACN was evaporated in a vacuum
centrifuge and peptides were desalted using C18 StageTips
(Rappsilber et al. 2007; Borchert et al. 2010).

The digested peptide mixtures were separated on an
Easy-nanoLLC HPLC (Proxeon Biosystems, Odense, Denmark)
coupled to a LTQ Orbitrap XL mass spectrometer
(Thermo Fisher Scientific, Dreieich, Germany) through a
nano-LC-MS interface (Proxeon Biosystems, Odense,
Denmark). The separation was performed on a 15-cm fused
silica emitter HPLC column, inner diameter of 75 um
(New Objective, Inc., Woburn, USA), which was packed
in-house with reversed-phase ReproSil-Pur C18-AQ 3 pm
resin (Dr. Maisch GmbH, Ammerbuch, Germany). The
samples were injected onto the column in HPLC solvent A
(0.5 % acetic acid) at a flow rate of 500 nl/min and sub-
sequently eluted with a 107-min segmented gradient of
2-80 % HPLC solvent B (80 % ACN in 0.5 % acetic acid)
at a flow rate of 200 nl/min. The mass spectrometer was
operated in a data-dependent mode to switch between MS
and MS/MS acquisition. A full scan was acquired in the
Orbitrap mass analyser in the mass range of m/z 300-2,000
and a resolution of 60,000. Selected ion monitoring (SIM)
scan in the mass range of m/z 350-950 (for human
proteasome) and m/z 400-1,000 (for P. falciparum
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proteasome) was acquired as a survey scan in the Orbitrap
mass analyser at a resolution of 60,000 and an accumula-
tion target value of 10° charges within a maximal filling
time of 1,000 ms (for the human 20S proteasome) and
5 x 10° charges within 1,000 ms (for the plasmodial sam-
ples). To improve the mass accuracy the lock mass option
of the FT analyzer was enabled (Olsen et al. 2005). The
five most intense ions were sequentially isolated and
fragmented in the ion trap using collision-induced dissociation
(CID) at the CID default settings and at the ion accumulation
target value of 5,000. The ions already selected for fragmen-
tation were dynamically excluded from the analysis for 90 s.
For quantification of the proteins a label-free quantification
approach was performed (see below) and the samples were
analysed in technical triplicates. The complete workflow is
shown in Fig. 1.

Data analysis and protein correlation profiling

The raw files were processed using the MaxQuant software
suite (version 1.0.14.3) (Cox and Mann 2008; Cox et al.
2009). The peak lists of the raw MS spectra were generated
with the “Quant” module of the software suite. The second
processing step was the database search using the search
engine Mascot (version 2.2.0, Matrix Science, Boston, USA)
(Perkins et al. 1999) against an in-house assembled target-
decoy database (Elias and Gygi 2007). The human database
consisted of the IPI human database (version 3.64, 84032
protein entries, EMBL, Hinxton, UK) and 262 commonly
observed contaminants; the used plasmodial database con-
sisted of the protein database from PlasmoDB (versions 5.5,
5460 protein entries, or version 6.6, 5446 protein entries,
http://plasmodb.org/plasmo/; Aurrecoechea et al. 2009) and
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Fig. 1 Schematic workflow of BN PAGE in combination with label-
free quantitative MS. The protein mixture of interest is separated in
two lanes on a BN PAGE. One lane is subjected to western blotting,
whereas the other is cut into slices; proteins are in-gel digested and
the resulting peptides are measured on a mass spectrometer. The
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262 commonly observed contaminants. The database search
was performed with carbamidomethylation (Cys) as fixed
modification, oxidation (Met) and acetylation (protein N
termini) as variable modifications. The mass tolerances for
the precursor and fragment ions were set to 7 ppm and
0.5 Da, respectively. In the third step the “Identify” module
was used to parse the Mascot results. Posterior error proba-
bilities (PEP) for each identified MS/MS spectra were calcu-
lated by the software and used to control the false discovery
rates (FDR) according to the target-decoy approach. FDRs
were set to 1 % on both protein groups and peptide level.
Furthermore, the “Identify” module performed the label-free
quantification by adjusting the corresponding protein inten-
sities across the gel slices measured in triplicates (Luber et al.
2010). The adjusted intensities were used for PCP. For the re-
processing of the plasmodial dataset, the database search was
performed using the combined P. falciparum (version 8.0,
5491 protein entries, http://plasmodb.org/plasmo/) and human
(version 3.84, 90166 protein entries, EMBL, Hinxton, UK)
protein databases including the 262 commonly observed
contaminants. All other parameters for the search using the
MaxQuant software (version 1.0.14.3) were used as described
above.

The PCP was performed by plotting the log;o-trans-
formed intensities of the proteasomal subunits (the summed
intensity of all identified peptides) across the slices of the BN
gel (Andersen et al. 2003; Foster et al. 2006). For the purified
human 20S proteasome the raw (non-adjusted) intensities
were used for the PCP, because the dataset was too small for
label-free quantification. The PCP of the plasmodial pro-
teasome was performed using the adjusted intensities. The
resulting intensity profiles were compared with each other to
detect any correlation between the proteins.

Intensity
Data

processing
(MaxQuant)

12 glice

Protein correlation
profiling

protein intensity profiles are derived from intensities in individual
(adjacent) slices. The intensity profiles are subjected to protein
correlation profiling to detect comigrating proteins, which are likely
members of a complex
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Unsupervised cluster analysis of protein intensity pro-
files across the BN gel slices was done in R (R Develop-
ment Core Team 2011). All protein groups with at least one
adjusted intensity value across the twelve slices were
included into the clustering. Intensity profiles of protein
groups were transformed to standard scores (z-scores) and
clustered using the k-means algorithm in conjunction with
the consensus clustering method (Monti et al. 2003)
implemented in the R-package “ConsensusClustPlus”.
Cluster numbers between two and twelve were used to
perform clustering on the protein intensity profiles. To
assess the robustness of resulting clusters, 1,000 iterations
of the k-means algorithm were performed on sub-samplings
containing 80 % of the original data. From the iterations
the algorithm has calculated an item score for each cluster
member (the relative frequency of each cluster member
belonging to the same cluster). To quantify the overall
robustness of a cluster the average item consensus was
calculated as the cluster consensus. The optimal cluster
number was determined visually as described in Monti
et al. (2003).

Determination of stoichiometry

The stoichiometry of the proteasome subunits was deter-
mined as ratio of their normalised abundances. Three dif-
ferent approaches were used for abundance determination:
the protein abundance index (PAI) (Rappsilber et al. 2002),
an adaptation of the intensity-based absolute quantification
(iIBAQ) (Schwanhdusser et al. 2011) and quantification
based on the calculation of the area under the curve (AUC).
The theoretically observable number of peptides per pro-
tein was used for normalisation in all three approaches. To
that end, the sequences of the 14 subunits were digested in
silico using the program GPMAW (version 8.1, Lighthouse
data, Odense, Denmark). For in silico digestion trypsin was
defined as enzyme and one missed cleavages was allowed.
The m/z values of doubly and triply charged ions in the
mass range of m/z 350-950 for the human proteasome
subunits and m/z 400-1,000 for the P. falciparum protea-
some subunits were used for the calculation of the theo-
retical number of peptides per protein.

For calculation of PAI, the number of observed peptides
for every subunit was determined using the evidence table
of the MaxQuant output. The PAI value for every subunit
was calculated as number of observed peptides divided by
number of theoretical (observable) peptides.

For quantification using the iBAQ approach, two dif-
ferent intensity values were used: the total protein intensity
and the sum of the intensities of the three most intensive
peptides (TOP3). The intensity values of the subunits were
divided by the theoretical number of peptides to result in
the iBAQ values.

The AUC of the normalised intensity profile of every
subunit was calculated using the software Origin (Origin-
Lab Corporation, Northampton, USA). For every subunit
the AUC value was normalised by dividing by the corre-
sponding theoretical number of peptides.

The standard deviation for each method was estimated
based on a sample using the following formula (with
n = 14 for the 14 proteasomal subunits):

> (-5
(n-1)

StDev =

Results
The human 20S proteasome

In this study we applied the BN PAGE in combination with
label-free quantification and PCP to study composition of
the P. falciparum proteasome directly from the whole
protein extract.

We first tested the applicability of the approach by
performing compositional analysis of the human 20S pro-
teasome. Commercially obtained purified human 20S pro-
teasome was separated in two BN PAGE lanes; one lane
was blotted and probed with an antibody against the
o-subunits of the 20S proteasome, whereas the other lane was
cut into eight equal slices in the area of the detected pro-
teasome. Only one band could be detected on the Coo-
massie stained BN gel of the human proteasome (Fig. 2a).
The western blot analysis showed one strong signal on the
position of the 720-kDa marker (Fig. 2b), which corre-
sponds to the molecular weight of the intact 20S protea-
some. After protein digestion in the eight excised gel slices,
the extracted peptide mixtures were analysed in triplicates
with LC-MS/MS on an LTQ Orbitrap XL. The spectra
were acquired using broad-range selected ion monitoring
(SIM) as the survey scan in the m/z range of 350-950 Th.
In a SIM scan, the required number of ions is accumulated
only in the selected mass range which enhances the sen-
sitivity and the dynamic range. In the m/z range of 350-950
peptides from all of the 20S proteasome subunits were
expected to be detected. The MS data were processed using
the MaxQuant software and quantified using the integrated
label-free algorithm. In total, 52 human protein groups
were identified, including all 14 subunits of the 20S pro-
teasome, as well as isoforms of the subunits o, and f5 and
four subunits of the immuno-proteasome, f1;, f32;, fs; and
Bst.

The intensity profiles of the 14 proteasomal subunits
were constructed from protein intensities in adjacent gel
slices (Fig. 2c and Online Resource la and 1b). The
alignment of the western blot (signal in slice 3 to slice 5)
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Fig. 2 Analysis of the purified human 20S proteasome. a Coomassie
stained BN gel of the human proteasome. b Western blot of the
proteasome separated on a BN gel using an antibody against the
proteasomal o-subunits. The marks indicate the excised area of the gel
lane for the MS analysis. ¢ Intensity profiles of all 14 subunits of the

with the intensity profiles revealed a strong correlation
between the antibody staining and the intensity profiles
obtained without application of the label-free algorithm.
All 14 intensity profiles showed a maximum in slice 4
demonstrating that the subunits comigrated in the BN gel
and were therefore members of the same complex
(Fig. 2¢). Interestingly, despite of equimolar amounts of
the 20S subunits, their intensities differed by up to one
order of magnitude. As expected, the intensity profiles
obtained after application of the label-free algorithm did
not show any correlation, demonstrating that the label-free
quantification requires more data points (more complex
mixture) for reliable signal intensity adjustment (Online
Resource 1b).

We therefore performed another experiment where the
purified human 20S proteasome was supplemented with
five proteins to increase the complexity of the sample
(fetuin, a-casein, f-casein, bovine serum albumin and
carbonic anhydrase) and analysed as described above. In
this sample 82 protein groups were identified, including the
five added proteins, 14 subunits of the human 20S pro-
teasome, isoforms of the subunits o; and 5 and four sub-
units of the immuno-proteasome, f;, foi, Bsi and fs. A
summary of the number of identified proteins in the two
experiments is shown in Table 1. The adjusted intensity
profiles after application of the MaxQuant label-free
algorithm improved significantly in the more complex
mixture, showing one maximum and good correlation with
the BN gel image (Online Resource 1c and 1d).
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human 20S proteasome plotted across analysed BN gel slices. The
aligned western blot of the BN gel shows the correlation between the
maximum of the intensity profiles and antibody signal of the
proteasomal subunits

Table 1 Overview of the experiments performed on the purified
human 20S proteasome

Exp. Scan Detected human Detected 20S
type protein groups subunits

208 SIM scan 52 14+ 6

20S + five SIM scan 82 14+6

proteins

All 14 subunits of the 20S proteasome as well as isoforms o7 and /35
and four subunits of the immuno-proteasome, f1i, f2i, 5i, and 5t
were detected

The human 20S proteasome is a good model to test the
accuracy of subunit stoichiometry determination since its
every subunit is present in equimolar amount. As the
subunits differ in length and number of peptides, additional
quantification method needs to be applied for direct com-
parison of their abundances. The measured intensities of
the detected 20S proteasome subunits differed to up to one
order of magnitude; therefore, we applied three different
label-free quantification methods to determine relative
abundance of the detected subunits: PAI, AUC and a
modified version of iBAQ.

Determination of abundances with PAI resulted in rel-
ative abundance values in the range from 0.1216 (f5) to 1
(B3), with the standard deviation of 0.2556 (Fig. 3a). The
relative AUC values for the proteasomal subunits ranged
from 0.3641 () to 1 (o7) and resulted in the standard
deviation of 0.2304 (Fig. 3b). Application of iBAQ (all
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peptides) resulted in relative values from 0.3647 (f;) to
1 (fs) with a standard deviation of 0.2306 (Fig. 3c). The
relative abundance values obtained using iBAQ TOP3
showed the minimal variation and ranged from 0.5464 (f37)
to 1 (f5) with the standard deviation of 0.1324 (Fig. 3d).
These data demonstrate that the employed label-free
quantification methods managed to decrease the measured
subunit intensity variation from tenfold to twofold, indi-
cating that this approach can be potentially used to assess
the subunit stoichiometry. However, further analyses on
complexes with unequimolar stoichiometries and subunits
of markedly different sizes will be needed to resolve the
usefulness of the approach for subunit stoichiometry
determination. The calculation of the abundance values
using AUC and iBAQ of all proteins resulted in a strong
correlation, most likely due to the fact that quantification in
both methods was based on the total protein intensities.

20S proteasome of Plasmodium falciparum

After establishing that the BN PAGE in combination with
PCP and label-free quantification can reliably identify sub-
units of the purified human proteasome, we applied the
approach to study the composition of the proteasome of
P. falciparum in the schizont stage of the parasite’s life cycle.
To that end, parasites in schizont stage were harvested, lysed
and the lysate was loaded in three lanes of a BN gel. A
parasite lysate separated on a BN gel and stained with

a PAI

Coomassie indicated a more complex sample as the purified
human 20S proteasome, but no clear bands were visible
(Fig. 4a). For detection of the proteasome by western blot,
two lanes of the BN gel were transferred onto a nitrocellulose
membrane and incubated with the antibody against the
o-subunits of the human 20S proteasome, which can also detect
the plasmodial 20S proteasome (Mordmiiller et al. 2006).
Based on the known sequences and with the assumption that
the complex consists of two a-rings and two ff-rings, the
calculated size of the plasmodial 20S proteasome is
764 kDa. However, the western blot analysis resulted in
detection of three distinct signals at different molecular
weights (from about 550 kDa to about 750 kDa) and with
different intensities, indicating the presence of three forms of
the proteasome (Fig. 4b). In the remaining lane of the BN
gel, the area containing the proteasome was cut into twelve
equal slices, the proteins in the slices were digested and the
resulting peptide mixtures were analysed by MS. The sample
analysis was done in biological triplicates; two experiments
were performed using normal survey scans (mass range m/z
300-2,000) before MS/MS fragmentation of the ions. The
third experiment was carried out using a SIM scan as a
survey scan in the range of m/z 400-1,000. A summary of the
applied MS acquisition methods and the numbers of iden-
tified proteins in the three experiments is shown in Table 2.
In every experiment all 14 subunits of the 20S proteasome
were detected and in the second experiment additional
twelve subunits of the proteasome regulatory particle were

i

al a2 a3 a4 a5 ab a7 bl b2 b3 b4 bS b6 b7 al a2 a3 a4 a5 a6 a7 bl b2 b3 b4 b5 b6 b7
™ 205 (StDev 0.2556) m 205 (StDev 0.2304)
c : ot : d ;
g iBAQ - protein intensity i3 iBAQ -TOP3

al a2 a3 a4 a5 ab a7 bl bz b3 b4 b5 bé b7
m 205 (StDev 0.2306)

al a2 a3 a4 a5 a6 a7 bl b2
m 205 (StDev 0.1324)

b3 b4 b5 b6 b7

Fig. 3 Determination of stoichiometry of the purified human 20S proteasome. Three different label-free quantification methods (PAI, AUC and
two versions of iBAQ) were used. The standard deviation is given in the legend

@ Springer



1126

N. Sessler et al.

a b c
1236 — 236 — 2.00E407
1048 = 1048 — "
= 150407 4
g
2 1.00E+07 -
w
| =
1]
- £
¢ = 5.00E+06 -
720 — 720 —
$ 0.00E+00
| 480—
480 — l

Al

Fig. 4 Analysis of the P. falciparum 20S proteasome. a The
plasmodial lysate was separated on a BN gel and stained with
Coomassie. b For western blot analysis the parasite lysate was
separated on a BN PAGE and the detection using an antibody against
the human proteasomal o-subunits revealed three distinct bands,
which are marked. The additional marks indicate the excised area of

Slices

——

10 11 12

the gel for the MS analysis. ¢ The overlay of the intensity profiles of
14 subunits of the P. falciparum 20S proteasome and the western blot
reveals the correlation between the maximum of the profiles and the
signal in slice 4. This points to the fact that signal 1 corresponds to
the 20S proteasome, but signal 2 and signal 3 do not

Table 2 Overview of the three

. Exp. Scan type Detected plasmodial Detected 20S Detected subunits
experiments performed on the rotein groups subunits of regulatory particle
whole cell lysates of P group g P
P. falciparum Full scan 14 _

Full scan 14 12
3 SIM scan 14 -

identified. The identified protein groups of all five experi-
ments (human and plasmodial 20S proteasome) are sum-
marised in Online resource 2.

The intensity profiles of the 20S proteasomal subunits
were derived from adjusted protein intensities of adjacent
slices in the BN gel. The resulting intensity profiles of the
14 subunits showed the same trend with one maximum. An
overlay of the intensity profiles and the western blot
showed a correlation between the intensity maximum and
the first signal in western blot (Fig. 4c). Notably, the
western blot signal 2 and signal 3 had no corresponding
maxima in the intensity profiles of the 20S subunits. These
data demonstrate that all subunits of the 20S proteasome
comigrate in the BN gel and are therefore present in a
single complex. The two additional signals in the western
blot were likely due to cross-reactivity of the antibody with
the subunits of the regulatory particle of the proteasome
(see below). The summary of the number of identified
peptides of the proteins and their corresponding intensities
in the analysed slices of the BN gel is given in Online

@ Springer

Resource 3. We note that the apparent position of the
detected P. falciparum 20S proteasome was at approxi-
mately 550 kDa. To avoid any potential confusion due to a
possible contamination with the host (human) proteasome,
we re-analysed the MS data by searching against the
combined P. falciparum and human protein databases. The
result indicated that the human proteasome was indeed
present, but at approximately 100-fold lower intensities.
Importantly, the human proteasome subunits showed the
same co-migration profiles as P. falciparum subunits, with
maxima at 550 kDa (Online Resource 4). Since the posi-
tion of the purified human 20S proteasome was at ca.
700 kDa (Fig. 2b), we conclude that the migration during
analysis of the P. falciparum lysate must have been altered
by the complexity of the sample.

We validated these results by performing unsupervised
clustering of the intensity profiles of 20S proteasome
subunits using consensus clustering (Monti et al. 2003).
The 314 quantified proteins detected in experiment 2
clustered into six clusters (Online Resource 5 and 6). Only
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one cluster showed a very good correlation between the
intensity profiles (cluster 5), resulting in a consensus value
of 0.914. This cluster contained 21 proteins, among them
all 14 subunits of the 20S proteasome and seven additional
proteins (Fig. 5). Although this was the only strong cluster
containing a single complex (the 20S proteasome), other
known complexes were detected in the analysed gel region.
For example, the low molecular weight rhoptry (RAP)
complex was identified in Cluster 2, the high molecular
weight rhoptry (RhopH) complex and the mitochondrial
signal peptide processing complex were detected in Cluster
1. Importantly, the profiles of the members of these com-
plexes showed a good correlation indicating a co-migration
(Online Resource 7). The proteasome was singled out in
one cluster mostly due to the fact that it consists of many
(14) co-migrating subunits.

The intensity profiles of the ten subunits of the protea-
some regulatory particle quantified in experiment 2 showed
high variability, most likely due to their low signal inten-
sity. Their maxima were distributed over all slices and
some of the profiles showed more than one maximum
(Online Resource 8). No correlation between the profiles of
the regulatory and 20S proteasome subunits could be
observed. Some of the subunits have shown three maxima
in their intensity profiles, so it is likely that the antibody
used in western blot cross-reacted with these subunits.

As in the case of the human proteasome, three different
label-free quantification methods were used to determine
the subunit stoichiometry: PAI, AUC and iBAQ (total

Cluster 5 (21)

o Cluster consensus: 0.914

Change in expression

1 2 3 4 5 6 7 8 9 10 11 12
Slice

Fig. 5 Unsupervised consensus k-means clustering. Cluster 5 con-
tained 21 proteins, all 14 proteasomal subunits and seven additional
proteins. The cluster consensus value for this cluster 0.914 indicates a
high stability. The seven additional profiles, which were slightly
different from others, could be assigned to additional proteins

protein intensity and iBAQ TOP3). The number of theo-
retical peptides was in this case calculated with one missed
cleavage, because only about 10 % miss-cleaved peptides
were detected in each dataset. As demonstrated on human
proteasome, the values derived by iBAQ TOP3 method
were the best, showing a twofold difference in the relative
abundance of equimolar subunits; all other methods
resulted in a higher change (Online Resource 9).

Discussion

In this study we combined BN PAGE with label-free
quantitative mass spectrometry and protein correlation
profiling to analyze the P. falciparum proteasome from the
schizont stage of the parasite’s life cycle. The advantage of
the applied approach is the possibility to analyse protein
complexes in the background of very complex protein
mixtures, such as whole protein extracts, without the need
for purification of the complex. The only prerequisite for
PCP is a protein fractionation step before MS analysis,
which in our study was the BN PAGE. Since BN PAGE
preserves strong protein complexes during separation (i.e.
they migrate in tight clusters), the members of the complex
must have identical migration profiles on the gel. There-
fore, PCP applied to MS intensity profiles of proteins
detected in a specific gel region can identify the members
of the complex. A similar method was described recently
by Wessels and co-workers (Wessels et al. 2009) for
analysis of the oxidative phosphorylation complexes I-V in
isolated human mitochondria. However, in the case of the
plasmodial 20S proteasome the protein complex is not
confined to an organelle, making its purification or
enrichment difficult. In addition, the amount of proteins
that can be obtained from a plasmodial culture is limited
and contamination by host proteins cannot be excluded—
even if purification of the protein complex of interest is
feasible, it is likely that the amount of the purified protein
complex would be too low for the analysis. The method
described here is therefore also applicable to organisms/
cell cultures with a low protein yield and high complexity.

We used the human 20S proteasome to validate the
approach because its composition and structure are well
studied and subunit sequences are conserved between
P. falciparum and human. The experiments on the human 20S
proteasome demonstrated that the approach is able to detect
the complex and, as expected, that a mixture of higher
complexity is beneficial for label-free quantification. We
chose to use the label-free quantification prior to PCP as it
was shown that the label-free algorithm effectively adjusts
run-to-run differences in measured protein intensities
(Luber et al. 2010), which is especially important for
analysis of low-abundant proteins.
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Interestingly, despite of their similar sizes and equimo-
lar amounts, the measured protein intensities of the 20S
proteasome subunits showed a high variability—up to one
order of magnitude. We therefore used several approaches
to estimate relative abundances of the subunits. The modi-
fication of iBAQ method, considering the intensities of
three most intense peptides instead all peptides, showed the
best performance by decreasing this difference to twofold;
however, this is still not sufficiently precise to routinely
determine stoichiometries of complex subunits.

We applied BN PAGE with label-free quantitative mass
spectrometry to the analysis of the plasmodial lysate from
the schizont stage, where our initial western blot analysis
using an antibody against the o-subunits of the 20S pro-
teasome showed three distinct signals after separation by
BN PAGE. The observed differences on the blot were too
low to correspond to the size of the 20S proteasome in
complex with one and/or two of the regulatory particles,
which indicated a presence of additional forms of the
proteasome. This was unusual, since to our knowledge
there were no reports of different forms of the 20S pro-
teasome in P. falciparum.

As expected, our approach demonstrated that all 20S
subunits had only one maximum and the overlay of the
western blot and the intensity profiles revealed a clear
correlation of only one signal of the western blot and the
intensity profiles. We therefore concluded that the signal
with the lowest molecular weight in western blot corre-
sponded to the 20S proteasome and that the other two
signals were possible due to cross-reactivity of the anti-
body with some subunits of the regulatory particles.

It has to be noted that the approach presented in this
study has obvious limitations: only complexes strong
enough to “survive” the BN PAGE treatment can be
analysed and the resolution of the PCP may be insufficient
in the analysis of complexes with very similar masses. As
shown here, the approach also has a very limited applica-
bility to determination of the subunit stoichiometry.
However, despite these shortcomings this approach opens
up new possibilities in the analysis of protein complexes.
One, for example, is the measurement of the on-target
effect of compounds designed to interfere with functions of
the protein complex. In addition, the approach can be used
for systematic identification of protein complexes in
organisms such as P. falciparum, where low amounts of
starting material and contamination by host proteins pres-
ent a major challenge to the compositional analysis of
protein complexes.
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