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Analyzing the molecular architecture of native multipro-
tein complexes via biochemical methods has so far been
difficult and error prone. Protein complex isolation by
affinity purification can define the protein repertoire of a
given complex, yet, it remains difficult to gain knowledge
of its substructure or modular composition. Here, we in-
troduce SDS concentration gradient induced decomposi-
tion of protein complexes coupled to quantitative mass
spectrometry and in silico elution profile distance analy-
sis. By applying this new method to a cellular transport
module, the IFT/lebercilin complex, we demonstrate its
ability to determine modular composition as well as sen-
sitively detect known and novel complex components. We
show that the IFT/lebercilin complex can be separated
into at least five submodules, the IFT complex A, the IFT
complex B, the 14-3-3 protein complex and the CTLH
complex, as well as the dynein light chain complex. Fur-
thermore, we identify the protein TULP3 as a potential
new member of the IFT complex A and showed that sev-
eral proteins, classified as IFT complex B-associated, are
integral parts of this complex. To further demonstrate
EPASIS general applicability, we analyzed the modular
substructure of two additional complexes, that of B-RAF
and of 14-3-3-¢. The results show, that EPASIS provides a
robust as well as sensitive strategy to dissect the sub-
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Understanding the orchestration and dynamics of cellular
function on the molecular level is one of the challenges in
biology. It is now clear that cell regulatory decisions are made
by molecular switching events in large but highly dynamic,
often coalescing, protein complexes (1, 2). Protein complex
isolation by affinity purification is a common technique, used
for the identification of the protein composition of these mo-
lecular machines (3), contributing to the elucidation of spatial
and temporal patterns of large protein networks and func-
tional modules within these networks (4). Interaction data
derived from different protein complex analyses are the basis
for predictions of biological pathways or disease mechanisms
concerning those proteins (5). Still, in most cases it is difficult
or even impossible to determine how, or even if the co-
purified proteins assemble as a single module in a cell, limiting
the fine-grained description of the complex structure (6, 7).
The possibility to integrate module and submodule informa-
tion in higher order protein networks is extremely valuable
for their understanding and opens the route to define path-
ways of information flow within and between discrete molec-
ular machines. Zooming in on a protein mutated in early
childhood blindness, lebercilin, we have previously identi-
fied proteins of the intraflagellar transport (IFT) machinery to
interact with lebercilin (5). IFT appears as a physical entity
driving vesicular trafficking through the connecting cilium
that bridges the inner and the outer segment of vertebrate
photoreceptors (8). IFT, like many other multiprotein com-
plexes, is an example for a functionally fairly well described
molecular machine with yet unknown molecular topology
and mechanical properties.

To determine composition, as well as protein complex to-
pology of lebercilin and its interaction with IFT components,
we developed a novel workflow, which we termed “elution
profile analysis of SDS-induced subcomplexes by quantitative
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mass spectrometry” (EPASIS)'. The approach is a combina-
tion of affinity purification (AP) with mild destabilization by
sodium dodecylsulfate (SDS), enabling gradual decomposi-
tion of protein complexes, with quantitative mass spectrom-
etry (MS) and in silico elution profile distance analysis (EPD,
Fig. 1).

EXPERIMENTAL PROCEDURES

Cell Culture—HEK293-T cells were grown in DMEM (PAA, Pasch-
ing, Austria) supplemented with 10% fetal bovine serum and 0.5%
Penicillin/Streptomycin. Cells were seeded, grown overnight and then
transfected with the corresponding SF-TAP-tagged (9) DNA con-
structs using PEI reagent (Polysciences, Warrington, PA) according to
the manufacturer’s instructions. 48 h later, cells were harvested in
lysis buffer containing 0.5% Nonidet-P40 (N P-40), protease inhibitor
mixture (Roche, Freiburg, Germany), and phosphatase inhibitor cock-
tails Il and Il (Sigma-Aldrich, Taufkirchen, Germany) in TBS (30 mm
Tris-HCI, pH 7.4, and 150 mm NaCl) for 20 min at 4 °C. Cell debris and
nuclei were removed by centrifugation at 10,000 X g for 10 min.

Protein Complex Destabilization— For protein complex destabiliza-
tion, the cleared lysates were transferred to anti-FLAG M2 agarose
(Sigma-Aldrich). After one hour of incubation, the resin was washed
three times using wash buffer (TBS containing 0.1% N P-40 and
phosphatase inhibitor cocktails Il and Ill, Sigma-Aldrich). For the
SDS-destabilization of the protein complexes, the resin was then
incubated 3 min with each concentration of SDS (0.00025%,
0.0025%, 0.005%, 0.01%, and 0.1% for lebercilin or 0.00025%,
0.002%, 0.004%, 0.008%, 0.016%, 0.05% for 14-3-3-¢ and B-RAF)
in SDS-elution buffer (TBS containing phosphatase inhibitor cocktails
Il'and Ill) at 4 °C. The flow through was collected and precipitated by
methanol-chloroform. After every elution step a single wash step was
performed. Subsequent to the SDS gradient, the remaining proteins
were eluted from the resin by incubation for 3 min with FLAG peptide
(200 pg/ml; Sigma-Aldrich) in wash buffer. A schematic representa-
tion is given in Fig. 1.

Tandem Affinity Purification (SF-TAP)—For SF-TAP, the cleared
lysates were incubated for one hour at 4 °C with Strep-Tactin super-
flow (IBA, Géttingen, Germany). Subsequently, the resin was washed
three times in wash buffer (TBS containing 0.1% N P-40 and phos-
phatase inhibitor cocktails Il and Ill, Sigma-Aldrich). Proteins were
eluted with desthiobiotin (2 mm in TBS). For the second purification
step, the eluates were transferred to anti-FLAG M2 agarose (Sigma)
and incubated for one hour at 4 °C. The beads were washed three
times with wash buffer and proteins were eluted with FLAG peptide
(200 ng/ml, Sigma-Aldrich) in wash buffer.

Immunoblot Analysis—Equal amounts of eluates were separated
by SDS-PAGE and electrophoretically transferred to PVDF mem-
branes. Membranes were blocked in 5% nonfat milk in TBS/0.1%
Tween20 (Sigma-Aldrich) and incubated with anti-TRAF3IP1 (1:1000,
mouse, Abnova, Taipei City, Taiwan), anti-14-3-3-¢ (1:1000, rabbit,
Santa Cruz, Santa Cruz), anti-C20orf11 (GID8, 1:1000, rabbit, Sigma-

" The abbreviations used are: EPASIS, Elution profile analysis of
SDS-induced subcomplexes by quantitative mass spectrometry; AP,
Affinity purification; BN-PAGE, Blue Native Polyacrylamide gel elec-
trophoresis; CMC, Critical micellar concentration; CTLH, C-terminal
to Lissencephaly type-1-like homology motif; EPD, Elution profile
distance; GPCR, G-protein coupled receptor; IFT, Intraflagellar trans-
port; IFT-A, Intraflagellar transport complex A; IFT-B, Intraflagellar
transport complex B; PCP, Protein correlation profiling; PPM, Parts
Per Million; SF-TAP, Strep-FLAG-tandem affinity purification; FLAG-
IP, FLAG immunoprecipitation.

Aldrich), and anti-FLAG-HRP (1:1000, mouse, Sigma-Aldrich). Sec-
ondary antibodies from Jackson Immunoresearch (West Grove, PA)
were applied (1:15,000) and protein bands were visualized using ECL
plus (GE Healthcare, Freiburg, Germany). See Supplemental Fig. 9.

Mass Spectrometric Analysis— After precipitation of the proteins by
methanol-chloroform, a tryptic in-solution digestion was performed
as described previously (10). LC-MS/MS analysis was performed on
a NanoRSLC3000 HPLC system (Dionex, ldstein, Germany) coupled
to a LTQ OrbitrapXL, or to a LTQ OrbitrapVelos mass spectrometer
(Thermo Fisher Scientific, Bonn, Germany) by a nano spray ion
source. Tryptic peptide mixtures were automatically injected and
loaded at a flow rate of 6 ul/min in 98% buffer C (0.1% trifluoroacetic
acid in HPLC-grade water) and 2% buffer B (80% actetonitrile and
0.08% formic acid in HPLC-grade water) onto a nano trap column (75
um i.d. X 2 cm, packed with Acclaim PepMap100 C18, 3 um, 100 A
Dionex). After 5 min, peptides were eluted and separated on the
analytical column (75 um i.d. X 25 cm, Acclaim PepMap RSLC C18,
2 um, 100 A; Dionex) by a linear gradient from 2% to 35% of buffer
B in buffer A (2% acetonitrile and 0.1% formic acid in HPLC-grade
water) at a flow rate of 300 nl/min over 33 min for EPASIS samples,
respectively over 80 min for SF-TAP samples. Remaining peptides
were eluted by a short gradient from 35% to 95% buffer B in 5 min.
The eluted peptides were analyzed by using a LTQ Orbitrap XL, or a
LTQ OrbitrapVelos mass spectrometer. From the high-resolution
mass spectrometry prescan with a mass range of 300-1500, the ten
most intense peptide ions were selected for fragment analysis in the
linear ion trap if they exceeded an intensity of at least 200 counts and
if they were at least doubly charged. The normalized collision energy
for collision-induced dissociation was set to a value of 35, and the
resulting fragments were detected with normal resolution in the linear
ion trap. The lock mass option was activated and set to a background
signal with a mass of 445.12002 (11). Every ion selected for fragmen-
tation was excluded for 20 s by dynamic exclusion.

For qualitative results, the raw data were analyzed using Mascot
(Matrix Science, Boston, USA; version 2.4.0) and Scaffold (version
Scaffold_4.0.3, Proteome Software Inc., Portland, USA). Tandem
mass spectra were extracted, charge state deconvoluted and deiso-
toped by extract_msn.exe version 5.0. All MS/MS samples were
analyzed using Mascot. Mascot was set up to search the Swiss-
Prot_2012_05 database (selected for Homo sapiens, 2012_05, 20245
entries) assuming the digestion enzyme trypsin. Mascot was
searched with a fragment ion mass tolerance of 1.00 Da and a parent
ion tolerance of 10.0 PPM. Carbamidomethyl of cysteine was speci-
fied in Mascot as a fixed modification. Deamidation of asparagine and
glutamine and oxidation of methionine were specified in Mascot as
variable modifications. Scaffold was used to validate MS/MS based
peptide and protein identifications. Peptide identifications were ac-
cepted if they could be established at greater than 95.0% probability
by the Peptide Prophet algorithm (12) with Scaffold delta-mass cor-
rection. Protein identifications were accepted if they could be estab-
lished at greater than 99.0% probability and contained at least two
identified peptides. Protein probabilities were assigned by the Protein
Prophet algorithm (13). Proteins that contained similar peptides and
could not be differentiated based on MS/MS analysis alone were
grouped to satisfy the principles of parsimony. Furthermore, proteins
were only considered to be specific protein complex components if
they were not detected in the control experiments.

For quantitative analysis, MS raw data were processed using the
MaxQuant software (version 1.3.0.5 (14)). Trypsin/P was set as cleav-
ing enzyme. Cysteine carbamidomethylation was selected as fixed
modification, methionine oxidation, and protein acetylation were al-
lowed as variable modifications. Two missed cleavages per peptide
were allowed. The peptide and protein false discovery rates were set
to 1%. The initial mass tolerance for precursor ions was set to 6 ppm
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Fic. 1. Workflow of EPASIS. The protein complex is purified by FLAG immunoprecipitation (FLAG-IP) and eluted by a SDS concentration
gradient. The eluates are analyzed by mass spectrometry, quantified by label-free quantification (MaxQuant) followed by elution profile distance
analysis to detect the submodule composition of complexes.
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and the first search option was enabled with 10 ppm precursor mass
tolerance. The fragment ion mass tolerance was set to 0.5 Da. The
human subset of the human proteome reference set provided by
SwissProt (Release 2012_01 534,242 entries) was used for peptide
and protein identification. Contaminants like keratins were automati-
cally detected by enabling the MaxQuant contaminant database
search. A minimum number of two unique peptides with a minimum
length of seven amino acids needed to be detected to perform protein
quantification. Only unique peptides were selected for quantification.
For label-free quantification the minimum LFQ count was set to three,
the re-quantify option was chosen. The option match between runs
was enabled with a time window of 2 min, fast LFQ was disabled (see
also parameters.txt in supplementary File S1).

Statistical Data Analysis— Statistical analysis of the data was car-
ried out using R (15). For the eight IFT/lebercilin vector experiments
(48 measurements), in total 175471 unique peptides with minimum
peptide length of seven amino acids were identified by searching
against the forward version of the database and only 239 unique
peptides were identified by searching against a reversed version of
the database which indicates a peptide false positive identification
rate of 0.14% (239/175471). Without filtering, 1081 proteins were
detected for the forward search and ten for the reverse search leading
to an indicated protein false positive identification rate of 0.93%
(10/1081). To reduce the number of false positive protein identifica-
tions, proteins were considered as detected, if they were identified by
at least two unique peptides, had a minimal MS/MS spectra count of
three (760/1081) and were not flagged as contaminant by MaxQuant
(731/760). Additionally, three repeated experiments (18 measure-
ments) using an empty vector as control were performed and the
same filter criteria were applied. The Euclidian distance between
proteins both detected in the control and the IFT/lebercilin experi-
ments was calculated and the proteins were excluded from further
considerations if they showed a distance less than 0.1 in two or more
out of 24 comparisons between both experiments (205/731). Finally,
proteins had to be present in at least 5/8 (62.5%) repeated experi-
ments, resulting in a total of 290 Proteins that were further analyzed.

For the protein complexes of 14-3-3-¢ and B-RAF, five experiments
were performed. Additionally, five repeated experiments using the
SF-TAP vector as a control were performed with the same SDS-
gradient. The statistical analysis was performed as described above,
leading to a total number of 135 proteins for 14-3-3-¢ and 32 proteins
for B-RAF, which were further analyzed.

Reproducibility of Elution Profiles—Protein intensities for all SDS
concentrations of an experiment were combined and the values log2-
transformed. To investigate the linear relationship between data
points, regression lines determined by minimizing the sum of squares
of the Euclidean distance of points to the fitted line (“orthogonal
regression”) are shown in Fig. 2 (supplemental Fig. S1 and S2 for
14-3-3-¢ and B-RAF). Correlations between repeated experiments
were estimated using the Pearson correlation coefficient together
with its 95% confidence interval. To investigate the safe isolation of
elution profiles for different SDS concentrations, Spearman’s corre-
lation scores were calculated and plotted in supplemental Fig. S3
(supplemental Fig. S4 and S5 for 14-3-3-¢ and B-RAF).

Protein Consensus Profiles—Consensus profiles of known marker
protein groups (supplemental Table S1 for lebercilin and supplemen-
tal Table S2 and S3 for 14-3-3-¢ and B-RAF) were calculated by
averaging the normalized cumulative intensities of the protein group
per concentration step for all experiments, similar to Andersen et al.
(16). The elution profile distance between a protein and a consensus
profile was calculated as:

La(xi—c)

epd(x,c) = P

with x being the cumulative intensity of a protein, ¢ the average
cumulative intensity of the consensus profile and the number of the

fraction, i. Dividing the Euclidean distance by the maximum possible
cumulative elution profile distance (\n — 1), allows to compare EPA-

SIS experiments with different numbers of SDS-concentrations. Elu-
tion profile distances (EPD) to consensus profiles were calculated for
all detected proteins (lebercilin n = 290, 14-3-3-e n = 135, B-RAF n =
32). A stepwise (n = 1000) parameter search was performed to
estimate the optimal EPD threshold to maximize the specificity and
sensitivity to assign known subcomplex members to the consensus
profile (lebercilin supplemental Fig. S6, 14-3-3-¢ supplemental Fig.
S7, B-RAF supplemental Fig. S8). For lebercilin, 60 new candidate
proteins for the reference subcomplexes were identified (27 for 14-
3-3-¢ and six for B-RAF), by using the identified EPD threshold of 0.11
(0.064 for 14-3-3-¢ and 0.155 for B-RAF). To perform nonmetric
multidimensional scaling, the elution profiles were averaged across
the experiments (n = 8 for lebercilin and n = 5 for 14-3-3-¢ and
B-RAF) and Euclidean distances between them were calculated. A
stable solution was estimated by using random starts (17) and the
best ordination (stress: 0.03 for lebercilin and 0.04 for 14-3-3-¢ and
B-RAF) was selected (Fig. 3B for lebercilin, Fig. 4B and 4D for 14-3-
3-¢ and B-RAF).

RESULTS

Following FLAG-based AP of Strep/FLAG tandem affinity
purification tag (SF-TAP)-fused (9) lebercilin from HEK293T
cells, we destabilized the purified protein complexes by treat-
ment with very low concentrations of SDS. This approach was
previously described in combination with Blue Native poly-
acrylamide gel electrophoresis (BN-PAGE) (18). The underly-
ing mechanism is based on hydrophobic interaction of mo-
nomeric SDS with the proteins, starting way below critical
micellar concentration (CMC) (19), and resulting in a partial
destabilization of the tertiary structure (20). The destabilization
leads to the sequential elution of proteins, depending on the
sensitivity of their interaction with IFT/lebercilin to SDS and
employs the fact that low concentrations of SDS can be used
to destabilize noncovalent binding of proteins. Assuming that
the binding affinity of proteins within a single submodule is
higher than their affinity to proteins outside a module, a step-
wise increase of the SDS concentration will lead to early
decomposition of labile interactions at low concentrations of
SDS, whereas binding within a submodule, stabilized by af-
finity, avidity and possible binding partners as well as docking
motifs, decomposes at higher concentrations. It is important
to mention here, that the stability of interactions within a
submodule does not need to be equal. To discriminate a
submodule of a larger protein complex, its resistance to dis-
sociation only needs to be higher than the stability of its
interaction with the bait protein. To increase the sensitivity,
robustness and feasibility of the approach we applied highly
sensitive MS in combination with label-free based quantifica-
tion (21) and a refined in silico protein correlation profiling
(PCP) approach. The latter procedure is based on calculating
the similarity of elution profiles to a consensus profile of
known complex members (16).

The destabilization of the IFT/lebercilin complex resulted in
at least five different subcomplexes coeluting with distin-

Molecular & Cellular Proteomics 13.5

1385


http://www.mcponline.org/cgi/content/full/O113.033233/DC1
http://www.mcponline.org/cgi/content/full/O113.033233/DC1
http://www.mcponline.org/cgi/content/full/O113.033233/DC1
http://www.mcponline.org/cgi/content/full/O113.033233/DC1
http://www.mcponline.org/cgi/content/full/O113.033233/DC1
http://www.mcponline.org/cgi/content/full/O113.033233/DC1
http://www.mcponline.org/cgi/content/full/O113.033233/DC1
http://www.mcponline.org/cgi/content/full/O113.033233/DC1
http://www.mcponline.org/cgi/content/full/O113.033233/DC1
http://www.mcponline.org/cgi/content/full/O113.033233/DC1
http://www.mcponline.org/cgi/content/full/O113.033233/DC1

Subcomplex Analysis by EPASIS

20 25 30 35
1 1 1

20 25 30 35
1 1 1

20 25 30 35
1 1 1

20

25

]
subcomplex
LCA5
sample_1 2
o o o
35
30 1 subcomplex o °. 9 °
r=0.92 LCA5
25 (i 95%: 0.91,1)| | sample_2
20
subcomplex 30
r=0.96 r=0.96 LCA5
(ci 95%: 0.95,1)| |(ci 95%: 0.95,1) sample_3 o o r25
o e - 20
35
30 1 subcomplex
r=0.95 r=0.97 r=0.99 LCA5
25 1 (ci 95%: 0.94,1)| |(ci 95%: 0.96,1)| |(ci 95%: 0.98,1) sample_4 , o
20
35
subcomplex 30
r=0.94 r=0.94 r=0.97 r=0.97 LCA5
(ci 95%: 0.93,1)| |(ci 95%: 0.93,1)| |(ci 95%: 0.96,1)| |(ci 95%: 0.96,1) sample_5 N . 25
- 20
35
30 subcomplex
r=0.93 r=0.93 r=0.96 r=0.96 r=0.99 LCA5
257 (ci 95%: 0.92,1)| |(ci 95%: 0.91,1)| |(ci 95%: 0.96,1)| |(ci 95%: 0.96,1)| |(ci 95%: 0.99,1) sample_6 N .
20
35
subcomplex 30
r=0.94 r=0.94 r=0.96 r=0.97 r=0.99 r=0.99 LCA5
(ci 95%: 0.92,1)| |(ci 95%: 0.93,1)| |(ci 95%: 0.95,1)| |(ci 95%: 0.96,1)| |(ci 95%: 0.98,1)| |(ci 95%: 0.98,1) sample_7 r25
A - 20
35
30 subcomplex
r=0.94 r=0.92 r=0.95 r=0.96 r=0.98 r=0.98 r=0.98 LCA5
257 (ci 95%: 0.92,1)| | (ci 95%: 0.9,1) | |(ci 95%: 0.95,1)| |(ci 95%: 0.95,1)| |(ci 95%: 0.97,1)| |(ci 95%: 0.97,1)| |(ci 95%: 0.98,1) sample_8
20

T T T
20 25 30 35

T T T
20 25 30 35

T T T
20 25 30 35

T T T
20 25 30 35

Fic. 2. Reproducibility. Scatter plots of log2-transformed protein (n = 290) intensities from replicated experiments (experiment 1-8).
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guishable profiles (Fig. 3, supplemental

Fig. S9 and

By using consensus profiles for IFT complex A (IFT-A) and

supplemental Table S4), confirming already postulated sub-
modules (5). Consensus profiles for known modules of the
IFT/lebercilin complex were calculated and the EPD to these
consensus profiles was determined. Candidate proteins were
selected based on a short EPD (=0.11, supplemental Fig. S6) to
a consensus profile. The robustness of the approach is dem-
onstrated by the high reproducibility of the results obtained from
eight independent experiments (Fig. 2, supplemental Fig. S3).

IFT complex B (IFT-B), we can verify that IFT-A and IFT-B
exist as two discrete submodules, eluting from the IFT/leber-
cilin complex at different SDS concentrations with clearly
separated profile values. The IFT-A elutes at a very low SDS
concentration (0.0025%) with an EPD-value of less than or
equal to 0.02 for all known IFT-A proteins (n = 6) to its consen-
sus profile (EPD,r_,), While all IFT-B proteins had values greater
than or equal to 0.382 for the IFT-A consensus profile.
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Fic. 3. EPASIS of the IFT/lebercilin protein complex. A, Visualization of the elution profiles after analyzing the eluted fractions by liquid
chromatography coupled to tandem mass spectrometry (LC-MS/MS) and label-free quantification. The cumulative relative abundance (y axis)
is plotted against increasing SDS concentrations (x axis). For each submodule, consensus profiles were generated from known members. Color
lines represent known members of the corresponding subcomplex. B, Nonmetric multidimensional scaling ordination plot based on Euclidean
distances of elution profiles (stress 0.03). Data points (n = 290) present the average of replicated data (n = 8). C, The predicted network of the
interactome of lebercilin. The modules are grouped according to their elution from the IFT/lebercilin complex during the EPASIS approach. The
closer they are to lebercilin the higher the SDS-concentration that is needed for their complete dissociation. The dashed spiral line symbolizes
the different SDS concentrations. The interactions shown by blue, dashed lines were determined by EPASIS, the red, dashed lines by SF-TAP.
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IFT-B components elute mainly at a SDS concentration of
0.005%, showing tightly clustered elution profiles for all the
known IFT-B members (EPD,-_g=0.025, n = 10, EPD,_g for
all IFT-A proteins =0.378). In addition to the proteins already
previously described as components of the IFT-B, proteins
which we termed “IFT-B associated proteins” also perfectly
co-elute with the IFT complex B. Their association to the
IFT-B was further validated and reproduced by analyzing the
interactome of SF-TAP-tagged HSPB11 and TRAF3IP1 (sup-
plemental Table S5). This provides further evidence that these
proteins are integral parts of the IFT complex B.

The phosphopeptide-binding 14-3-3 regulatory protein
isoforms mainly elute at concentrations of 0.005% and
0.01% SDS from the IFT/lebercilin complex. Previous stud-
ies have shown that the 14-3-3 proteins can form a stable
complex (9, 22). Relative to the other subcomplexes, here
the 14-3-3 proteins form a less homogeneous group of
elution profiles (EPD,,_5.3=0.071, n = 4). Nevertheless, it is
possible to clearly distinguish them from the other submod-
ules (EPD.4=0.349, EPD,—.g=0.173, EPD1 ,=0.309,
EPDpn=0.283). It needs to be noted that the group of pro-
teins with an EPD,,_;_ 3=0.11 is quite large and does not only
include 14-3-3 isoforms. It also contains a number of ribo-
somal proteins, for example. In this case, the resolution of the
gradient chosen is not high enough to clearly isolate the
14-3-3 subcomplex from other potential subcomplexes with
similar elution profiles.

The two isoforms of dynein light chain (DYNLL1, DYNLL2)
are among the strongest binders to the IFT/lebercilin complex
and can also be defined as a submodule by our method
(EPDpyn=0.009, n = 2, EPDg1 4=0.113). The dynein light
chains elute at the same SDS concentration as the lebercilin
bait protein.

Several proteins that were described as miscellaneous in
our previous study (5) also seem to co-elute with similar
profiles to the dynein light chains. However, the determination
of the EPD-value showed that these proteins can be sepa-
rated from dynein and lebercilin and therefore can be consid-
ered to be a different submodule (EPDc1, ,=<0.101, n = 12,
EPDpoyn=0.111, except for the protein C20orf11 (GID8)
EPDpyn = 0.058 and the protein ARMC8 EPDgy\ = 0.080).
Some proteins of this miscellaneous set have been reported
to be part of a complex termed CTLH that is thought to be
involved in microtubular dynamics (23).

In addition to identifying the affinity-based substructure of
the previously described complexes, the EPASIS approach
revealed novel, potential protein components of known com-
plexes. The tubby-related protein 3 (TULP3), for instance, was
identified using EPASIS with an EPD to IFT-A of 0.010. TULP3
was previously described as being associated with the IFT
complex A (24). To confirm this, and to validate our method,
we analyzed the interactome of SF-TAP-tagged TULP3. This
resulted in the detection of all IFT-A proteins within the com-

plex retrieved with the tagged TULP3 (supplemental Table S7,
Fig. 3).

The EPASIS method can be applied to many different pro-
tein complexes. To show its applicability to protein complexes
of different composition and function, we applied it to two
additional complex-forming proteins, 14-3-3-¢ and B-RAF.
Protein complexes for both SF-TAP-tagged baits were puri-
fied by one-step FLAG-affinity purification.

The reference proteins for possible submodules within the
14-3-3-¢ complex (supplemental Table S2) were selected
from the literature (9, 25) and the String interaction database
(www.string-db.org). The destabilization of the protein com-
plex of 14-3-3-¢ showed several submodules eluting from the
complex (Fig. 4A and 4B). Five 14-3-3 proteins dissociated as
a stable submodule from the complex (EPD,,_5; ;=0.064). Ad-
ditionally, a complex of three MARK (microtubule affinity-regu-
lating kinase) proteins (EPDy,arc=0.038) and two submodules
of kinesin proteins could be detected. The latter two modules
represent the kinesin light chain proteins (EPDy . c=0.042,
EPDyn-c=0.079) and the kinesin heavy chain proteins
(EPDyn-1ic=0.035, EPD . c=0.040) that can be separated
by their EPD-values. The complete list of the detected inter-
actors and potential candidates of the corresponding sub-
modules is shown in supplemental Table S8.

The possible submodules for the B-RAF protein complex
(supplemental Table S3) were also chosen from literature. The
detected protein complex of B-RAF consists of clearly less
complex members compared with the other two baits (Fig. 4C
and 4D). After statistical data analysis, a list of only 32 specific
interaction partners (supplemental Table S9) remained for
further evaluation. Within those, the 14-3-3 protein complex
could be determined as a submodule (EPD,,_5;_3;=0.055). Also
a second, very specific interacting submodule of B-RAF, the
mitogen activated pathway kinases (MAPK1 and MAPK2,
EPDy,opk=0.012) eluted from the complex. Furthermore, a
module consisting of the two HSP90-subunits could be ob-
served (EPD,,gpgo=0.011).

DISCUSSION

We here describe a novel approach to decipher the topol-
ogy and submodule composition of protein complexes from
affinity purified protein complex mixtures, which we termed
EPASIS. Using the EPASIS approach, we were able to com-
prehensively describe the substructure of the IFT/lebercilin
complex by showing that it consists of several, clearly sepa-
rable submodules. We were able to recapitulate both, IFT-A
and IFT-B using a tagged interactor that is not integral to
either submodule. In addition, we were able to strengthen the
hypothesis that proteins classified as associated interactors
may be integral parts of particular subcomplexes.

The detection of a novel member of the IFT-A, TULPS3,
shows the power of this method in combining highly sensitive
quantitative MS and in silico EPD analysis. A previous study
showed that the protein TULPS3 is associated to the IFT-A but

1388

Molecular & Cellular Proteomics 13.5


http://www.mcponline.org/cgi/content/full/O113.033233/DC1
http://www.mcponline.org/cgi/content/full/O113.033233/DC1
http://www.mcponline.org/cgi/content/full/O113.033233/DC1
http://www.mcponline.org/cgi/content/full/O113.033233/DC1
www.string-db.org
http://www.mcponline.org/cgi/content/full/O113.033233/DC1
http://www.mcponline.org/cgi/content/full/O113.033233/DC1
http://www.mcponline.org/cgi/content/full/O113.033233/DC1

Subcomplex Analysis by EPASIS

a b Multidi . .
: . . ultidimensional Scalin
CumUIatlve eIUtlon prOfIIe [distance: euclidean, stress: 0.04, n: 135] g
B 14-3-3 EKin-HC BEKin-LC B MARK e 14-3-3 o Kin-HC o Kin-LC e MARK
1.0 0.8
L] L]
3 0.6
c 08
= o :
c 04 . .
C
3 o6 ° . ‘. °%e
C . °
14-3-3-¢  © § 02{ g%y, L
> 1S o ° . °
= 0.4 — ® o o® o © .
ks O 0.0 L4 -ﬁ'l‘ *, «%°
[0) op o O 8 Q ®
[h'd 0.24 > ° > ) Qf’.@ '.
’ -0.2q 85,850 o (%@ N
Y
0.0 -0.4 ®e
000025  0.002 0008  0.05 FLAG -05 0.0 05 10
SDS concentration during elution
c . . : d Multidimensional Scalin
cumUIatlve eIUtlon prOfIIe [distance: euclidean, stress: 0.04, n: 32] g
m14-3-3 ®mHSPY0 = MAPK 0.8 e 14-3-3 o HSP90 o MAPK
1.04
9 0.6 .
= 0.8 N L .
0.4
2 c *
3 06 2 .
o 2 02
B-RAF © 3 e e e
> _
= 0.4 A 0.0 * ® *
T o ®
@ o2 -0.2 o S
° & e
° N
0.0 -0.4
0.00025 0002 0008 005 FLAG -1.0 05 00 05
; Dimension 1

SDS concentration during elution

Fic. 4. EPASIS of the protein complexes of 14-3-3-¢ and B-RAF. A, Cumulative elution profiles of the reference proteins of the 14-3-3-¢
complex by increasing the SDS-concentration from 0.00025% to 0.05%. The consensus group of the 14-3-3 proteins is shown in red and is
the first group eluting from the complex. In blue the group of kinesin heavy chain proteins (Kin-HC) is shown and elutes slightly before the
kinesin light chain proteins (Kin-LC, green). The consensus group eluting at the highest SDS concentration is a group of microtubule
affinity-regulating kinases (MARK, violet). B, Nonmetric multidimensional scaling ordination plot of the proteins eluting from the 14-3-3-¢
complex, based on Euclidean distances of elution profiles (stress 0.04). Data points (n = 135) present the average of replicated data (n = 5).
C, Cumulative elution profiles of three consensus protein groups of the B-RAF complex induced by increasing concentrations of SDS
(0.00025%-0.05%). Two HSP9O0 proteins elute first from the complex (blue). The second eluting consensus group consists of the two mitogen
activated kinases MAPK1 and MAPK2 (green). The strongest binding consensus proteins are the 14-3-3 proteins (red). D, Nonmetric
multidimensional scaling ordination plot of the proteins eluting from the B-RAF complex, based on Euclidean distances of elution profiles

(stress 0.04). Data points (n = 32) present the average of replicated data (n = 5).

not that it should be considered integral. At least under our
experimental conditions, IFT-A is the primary interactor for
TULPS. In concert with IFT-A proteins, TULPS is by its phos-
phoinositide-binding properties essential for ciliary GPCR
trafficking and negatively regulates Hedgehog signaling (24).

The more stable binding of dynein light chain, as well as of
the 14-3-3 protein isoforms, compared with IFT proteins, is
in-line with the fact that these were among the few proteins
that could previously be identified by lebercilin SF-TAP puri-
fication (9).

The detection of the complete CTLH complex as a linked
submodule demonstrates the sensitivity of the EPASIS ap-
proach. In contrast to SF-TAP, where only RANBP9 was
detected, and to the Strep-SILAC approach where we could
only detect some of the components (RANBP9, C200RF11
(GID8), YPEL5, WDR26), with EPASIS we were able to identify
the CTLH complex as a distinct submodule of the IFT/leber-
cilin protein complex. In combination with SF-TAP analysis of
several complex members (Supplemental Table 5, Fig. 3), we
here present a comprehensive description of this complex
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that will help to elucidate its as yet only vaguely described
function (26). Further effort will be needed to determine the
function of this complex, possibly in the context of dynein-
driven IFT as suggested by EPASIS.

To demonstrate that the EPASIS method is also applicable
to protein complexes with different functions and composi-
tions, we applied the strategy to the complex of the adapter
protein 14-3-3-¢ as well as to the one of the serine/threonine
kinase B-RAF. For both protein complexes, we could detect
several different submodules of various functions. The results
clearly showed that this method allows the detection of stable
submodules being released from the protein complexes as
discrete submodules. Nevertheless, the destabilization of
these two additional protein complexes showed, that not all
previously described interactors can be detected within such
submodules. This might be explained by the fact that many of
these proteins are only weakly associated to complexes and
act as regulators or linkers, which bind to complexes as single
entities. Furthermore, it is possible that the low avidity within
submodules leads to their disassembly because of the appli-
cation of SDS instead of detaching from the complex as
submodules. To further study those, additional experiments
with baits within these suspected submodules would be nec-
essary. Nevertheless, the two examples of complexes with
highly regulated functions in the cellular signaling machinery
demonstrate that EPASIS is also applicable to these types of
proteins and not only to scaffold proteins like lebercilin.

Taken together, the EPASIS strategy is a powerful and
sensitive tool to determine the molecular topology and com-
position of protein complexes in a highly time- as well as
cost-effective and robust manner. In this study, we used a
tag-fusion protein, transiently transfected to HEK293-T cells.
However, EPASIS will be equally applicable to tagged pro-
teins being expressed in stably engineered cell lines, which
are becoming increasingly popular in the study of cell regu-
lation (27, 28). Furthermore, it can be applied for analysis of
immuno-precipitated and affinity-purified protein complexes
from various origins. EPASIS can easily be adapted to differ-
ent complexes by varying the concentrations of SDS or the
profile of the gradient. Moreover, as shown here, the applica-
tion of EPASIS not only allows the validation of previously
known, or postulated submodules but also the identification
of new protein interactions and their annotation to a specific
complex or subcomplex. This contributes essential informa-
tion toward experimental description of the molecular archi-
tecture and topology of large protein networks and allows
validation of in silico predictions of cellular machineries (6, 7)
as well as evaluation of their malfunction because of gene
mutations (5). Protein complexes are the reaction centers that
relay, propagate and transmit cell regulatory decisions. When
combined with pre-existing knowledge or prediction tools
such as socio-affinity index (6, 7) and analysis tools like cy-
toscape (www.cytoscape.org) or Reactome (www.reactome.
org), just to mention a few, EPASIS contributes to test pre-

dicted modularities as well as dynamic changes within signal-
ing pathways as a response to cellular or genetic cues.
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