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Summary

High confidence definition of protein interactions is an important objective towards
biological systems understanding. Isotope labeling in combination with affinity-based
isolation of protein complexes has increased in accuracy and reproducibility, yet, larger
organisms - including humans - are hardly accessible to metabolic labeling and thus, a
major limitation has been its restriction to small animals, cell lines and yeast.

As composition as well as stoichiometries of protein complexes can significantly differ in
primary tissues, there is a great demand for methods capable to combine the selectivity
of affinity-based isolation as well as the accuracy and reproducibility of isotope-based
labeling with its application towards analysis of protein interactions from intact tissue.
Towards this goal, we combined isotope coded protein labeling (ICPL) with
immunoprecipitation (IP) and quantitative mass spectrometry (MS). ICPL-IP allows
sensitive and accurate analysis of protein interactions from primary tissue.

We applied ICPL-IP to immuno-isolate protein complexes from bovine retinal tissue.
Protein complexes of immunoprecipitated p-tubulin, a highly abundant protein with
known interactors as well as the lowly expressed small GTPase RhoA were analyzed. The
results of both analyses demonstrate sensitive and selective identification of known as

well as new protein interactions by our method.
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Introduction

Classical antibody-based strategies to determine protein interactions have long been hampered
by the fact that most binders exhibit unspecific binding. Immunoprecipitations - the most widely
used method - not only suffer from non-specific binding due to compromised selectivity and
specificity of the immunoglobulin, but also from non-specific binding to the carrier beads. Due to
this lack of specificity, a large proportion of reported protein interactions in the literature as well
as in databases gathering interaction data are likely to be compromised by false positives.
Furthermore, despite great advancements in sensitivity and accuracy of mass spectrometers
and peptide separation techniques, mass spectrometry-based identifications usually fail to detect
low abundance members of protein complexes, medium affinity or transient binders. Several
methods have tackled these problems. Tandem affinity purification (TAP) has resulted in an
unprecedented specificity, concerning protein interaction data (1, 2). Yet this method is limited
by the fact that recombinant expression of a TAP-fusion protein is required and additionally
hampered by the risk that exogenous expression of the bait protein of interest may result in an
artificial change of stoichiometries.

To circumvent these drawbacks, Selbach and Mann developed a quantitative
immunoprecipitation, combined with RNAi (QUICK), using stable isotope labeling with amino
acids in cell culture (SILAC) to gain improved selectivity (3-5). The main advantage of QUICK is
that endogenous protein stoichiometries are the basis for immunoprecipitation, for the first time
allowing one to accurately monitor protein interactions at endogenous protein concentrations
from living cells and discriminate true positive from false positive interactions. Yet this method
requires metabolic isotope labeling of whole organisms or reference cells, as described for
SuperSILAC, to allow comparative analysis of two protein sets (6). Metabolic labeling, especially
when applied to living organisms, requires feeding them with isotopic food (7-9). The procedure
of labeling living animals or plants metabolically is time-consuming (1-2 generations for ~93%

labeled proteins) and also connected to high financial expenses (8). Due to these constraints,

(3]



larger organisms like pigs, cows as well as humans are not amenable to metabolic labeling and
therefore, their tissue is not experimentally accessible in this way. The use of reference cell-line
derived material bears the limitation that tissue-specific proteins that are not expressed in the
reference material will not be detected at all.

To overcome these limitations and attempt quantitative analysis of protein complexes from
primary tissues that cannot be metabolically labeled we combined IP, isotope coded protein
labeling (ICPL) (10) - a method of chemical isotopic protein labeling - with mass spectrometry
and advanced computational analysis of spectra. The major benefits of this MS-based
quantitative “ICPL-IP” compared to traditional IPs are: (i) Identification of native protein
complexes can be controlled via ICPL, monitoring maximal three samples in combination with
comparative quantitative MS allowing highly sensitive as well as comparative detection of
complex components. (ii) Non-specific binders to the bead material, the antibody as well as
other contaminants, are filtered out by using a differentially isotope labeled reference sample of
the same tissue prepared as an appropriate control (e.g. beads plus unrelated
immunoglobulins). Vice versa, specific binders can be clearly discriminated by their enriched
abundance through quantitative MS. (iii) The approach is unbiased; it does not depend on

subsequent immunoblotting with antibodies against suspected bait proteins.

As a result, this workflow allows the sensitive and selective identification of protein complex
components isolated by IP as well as other affinity-based methods via comparative quantitative
MS. Additionally, comparative assessment of protein abundances is possible. This allows
comparison of different physiological states in a given tissue or pathological changes associated

with disease.

(4]



Experimental Procedures

Cell culture - HEK293T cells were cultured as described previously (11). For SILAC
experiments, HEK293T cells were grown in SILAC DMEM (PAA) supplemented with 3 mM L-
Glutamine (PAA), 10% dialyzed fetal bovine serum (PAA), 0.55 mM lysine, 0.4 mM arginine, 50
units/ml Penicillin and 0.05 mg/ml Streptomycin. Light SILAC medium was supplemented with
12C¢ "N, lysine and '?Cs "N, arginine. Heavy SILAC medium was supplemented with *C¢ °N,
lysine and "*C¢ "°N, arginine. Proline (0.5 mM) was added to all SILAC media to prevent arginine

to proline conversion (12). All amino acids were purchased from Silantes.

Retina preparation - Bovine eyes were obtained from a local slaughterhouse. The retinae were
dissected and stored in cold isolation medium (20% (w/v) sucrose, 20 mM Hepes-HCI pH 7.2, 2
mM MgCl,, 130 mM NacCl). For dark-adapted retinae, bovine eyes were kept in CO,-independent
medium (Life Technologies) in the dark on ice for 3 h until dissection. Subsequently retinae were
transferred to clear or black 1.5 ml Eppendorf tubes, frozen in liquid nitrogen and stored at -80
°C until further use. All further preparations and experiments with dark-adapted retinae/rod outer

segments (ROS) were carried out under dim red light.

Isolation of photoreceptor rod outer segments (ROS) - ROS were isolated from bovine retinae
according a modified protocol from Schmitt et al. (13). Briefly, frozen retinae were thawed on ice.
Three retinae were added to 8 ml of 50% sucrose in HBS (115 mM NaCl, 2 mM KCI, 2 mM
MgCl,, 10 mM HEPES, pH 7), vortexed for 30 seconds and left on ice for 10 min. The mixture
was transferred to an ultracentrifugation tube and 1 ml of HBS was added to the top. After
centrifugation for 30 min at 50,000xg the “pellet” was taken from the interphase between 50%
sucrose and 1 ml HBS and transferred to a new 15 ml falcon tube, washed once with HBSS
(PAA) for 5 min at 2,000xg. The pellet was collected in 1 ml of HBS and transferred on the top of
a discontinuous sucrose gradient (25%, 30%, 35%, 40%, 45% in HBS). Subsequent to

centrifugation (1 h, 50,000xg) purified ROS were collected between 25% and 35% sucrose and

(5]



washed once with HBSS (5 min, 2,000xg). ROS were collected in isolation medium and protein
concentration was determined by Bradford (14). 3 mg aliquots were frozen in liquid nitrogen and

stored at -80 °C until further use.

Immunoprecipitation - A monoclonal antibody specific for p-tubulin (Sigma Aldrich), a polyclonal
anti-B-tubulin (Sigma Aldrich) and an anti-RhoA antibody (Santa Cruz Biotechnology) was used
for immunoprecipitation. Mouse and rabbit IgGs (Sigma Aldrich) as well as an anti-RGS9
(Epitomics) and anti-GAPDH antibody (Millipore) were used in control experiments. Frozen
retinal tissue and ROS (light- or dark-adapted), respectively, were homogenized in 0.7 ml ice-
cold retina/ROS lysis buffer (20 mM Hepes pH 7.8, 150 mM NaCl, 1 mM EDTA, complete©
(Roche) protease inhibitors and 1% n-dodecyl-B-D-maltoside (Sigma Aldrich)) using pellet
pestles (Sigma Aldrich) and a G-20 gauge needle. Lysates were incubated for 20 min at 4 °C
with overhead rotation and were subsequently subjected to centrifugation at 16,000xg for 10
min.

Metabolically labeled (SILAC light and heavy) and normal HEK293T cells were washed with
PBS (PAA), harvested in ice-cold cell lysis buffer (50 mM Hepes pH 7.2, 150 mM NaCl, 0.5%
NP-40, complete® (Roche) protease inhibitors) homogenized with a G-20 gauge needle, lyzed
on ice for 30 min and cleared by 10 min centrifugation at 16,000xg. The cleared supernatants of
either retinal origin or HEK cells were transferred to fresh microcentrifuge tubes and protein
concentrations were determined by Bradford (14). For ICPL-triplex IPs light- and dark-adapted
ROS equal to 3 mg protein were used and for SILAC-IPs or ICPL-duplex IPs lysates (HEK or
light-adapted retina) equal to 10 mg protein were transferred to microspin columns (Sartorius
Stedim Biotech). Subsequently samples were incubated with 20 ug antibodies or 20 ug control
immunoglobulins/antibodies (IgGs, anti-RGS9, anti-GAPDH) for 2 h at 4 °C with overhead
rotation. 90 pl protein G plus agarose (Santa Cruz Biotechnology) was added to each tube
before overnight incubation (4 °C) with overhead rotation. The precipitates were washed three

times with 0.5 ml retina/ROS or cell lysis buffer. Bound proteins were eluted two times by
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incubation with 200 yl 6 M guanidine HCI pH 8.5. Samples were concentrated using Vivaspin
500 columns (10 kDa cutoff) to a volume of 20 ul and washed once with 0.5 ml 6 M guanidine
HCI pH 8.5. After transfer to new microcentrifuge tubes, ICPL-labeling was applied for the

control and IP as described below.

ICPL-Labeling (SERVA) and in-solution cleavage - Labeling was done according to the
manufacturer’s instructions. Briefly 0.5 pl reduction solution was added to each sample and the
mixtures were incubated for 30 min at 60 °C. The samples were cooled down to room
temperature and 0.5 yl of freshly prepared alkylation reagent was added to each sample before
the samples were incubated for 30 min at room temperature in the dark. To stop the reaction,
0.5 pl stop solution 1 was added to each sample and the samples were incubated for 15 min at
25 °C. For duplex ICPL labeling, 3 pl of ICPLO-Nic-reagent solution was added to the control
sample and 3 pl of ICPL6-Nic-reagent solution to the IP sample. Triplex ICPL-labeling conditions
were as follows: ICPLO for control sample, ICPL6 for IP-light-sample and ICPL10 for IP-dark-
sample. All samples were overlaid with argon to exclude oxidation, vortexed (10 seconds),
sonicated for 1 min and incubated for 2 h at 25 °C. 2 pl of stop solution 2 was added to each
sample before the samples were further incubated for 20 min at 25 °C to destroy excess
reagent. Both ICPL-light and -heavy labeled samples were combined and vortex thoroughly. The
pH of the mixture was adjusted to 11.9 + 0.1 by adding 2 N NaOH to destroy possible
esterification products. After 20 min the same amount of 2 N HCI was added to neutralize the
sample. SILAC samples were reduced and alkylated correspondingly. For duplex ICPL- and
SILAC-labeled samples 650 pl of 25 mM Hepes pH 8 and for triplex ICPL-labeled samples 950
pl of 25 mM Hepes pH 8 was added, to dilute salt concentration and samples were cleaved by

sequence grade modified trypsin (Sigma Aldrich) overnight at 37°C.

Peptide purification and mass spectrometry - In-solution cleaved samples were desalted and

pre-concentrated using 200 pl StageTips (Thermo Fisher Scientific) prior to LC-MS analysis
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according to the manufacturer's instructions with modifications. In brief, StageTips were
initialized with 20 pl 80% acetonitrile (ACN) and 5% trifluoroacetic acid (TFA). Re-equilibration
was done with 20 pl 5% TFA. 700ul of sample containing of 5% TFA were applied to the
StageTips in 200ul steps. Washing was done with 20 yl 5% TFA and the samples were eluted
once with 20 pl 50% ACN, 5% TFA and twice with 20 pl 80% ACN, 5% TFA. Samples were
vacuum-concentrated to almost complete dryness and re-suspended in 20 pl 0.5% TFA (15, 16).
LC-MS/MS analysis was performed on an Ultimate3000 nano rapid separation LC system
(Dionex) coupled to a LTQ Velos mass spectrometer (Thermo Fisher Scientific) by a nano spray
ion source basically as described earlier (17). Tryptic peptide mixtures were automatically
injected and loaded at flow rate of 6 pl/min in 0.5% TFA in HPLC grade water onto a Acclaim®
Pepmap100 (75 ym x 2 cm, C18, 3 uym, 100 A, Dionex) column. After 5 min, peptides were
eluted and separated on a Acclaim® Pepmap RSLC (75 pym x 25 cm, C18, 2 ym, 100 A, Dionex)
column by a linear gradient from 2% to 35% of buffer B (80% acetonitrile, 0.08% formic acid in
HPLC grade water) in buffer A (2% acetonitrile, 0.1% formic acid in HPLC grade water) at a flow
rate of 300 nl/min over 150 min. Remaining peptides were eluted by a short gradient from 35%
to 100% buffer B in 5 min. The eluted peptides were analyzed by the LTQ Velos mass
spectrometer. From the high resolution MS pre-scan with a mass range of 300 to 1500, the 10
most intense peptide ions were automatically 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 CID 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; the
background signal with a mass of 445.12002 was used as lock mass (18). Every ion selected for

fragmentation was excluded for 20 seconds by dynamic exclusion.

Data Analysis - For ICPL and SILAC experiments all acquired spectra were processed and

analyzed using the MaxQuant software (19, 20) (version 1.1.1.19 and 1.3.0.5) and the IPI
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(www.ebi.ac.uk) bovine database (version 3.73 — 30,403 entries) for bovine retinal tissue/ROS or

the human specific IPI database (version 3.80 - 86,719 entries) for HEK293T cells.

Endoproteinase Arg-C was set as cleaving enzyme. Cysteine carbamidomethylation was
selected as fixed modification, methionine oxidation and protein acetylation were allowed as
variable modifications. Peptide minimum length 6 and two missed cleavages were allowed. As
labels ICPLO (105.02146 Da) and ICPL6 (111.04159 Da) for duplex and additional ICPL10
(115.06669 Da) for triplex were chosen. For SILAC analysis Lys8/Arg10 was adjusted. The
peptide and protein false discovery rates were set to 1%. The initial mass tolerance for precursor
ions was set to 6 ppm. The mass tolerance for fragment ions was set to 0.5 Da. Contaminants
like keratins or immunoglobulins were removed. For the B-tubulin experiments only proteins
identified and quantified by at least two peptides and two heavy/light counts per experiment in at
least two of three (polyclonal anti B-tubulin antibody) or four of five (monoclonal anti g-tubulin
antibody) independent biological experiments were considered for further analysis. For statistical
analysis the Perseus software (version 1.2.0.17 and 1.3.0.4) was used (20). The normalized
ratios were log2 transformed and the significance A was calculated. The threshold for significant
enrichment was set to p-value<0.01. For the detection of the RhoA protein complex, only
proteins identified and quantified by at least one unique peptide and one ratio count that were
enriched in at least three of six biological replicates for light- or dark-adapted samples were
considered for further analysis. Only proteins that were detected as significantly enriched
compared to the corresponding control (significance A, p<0.05) were considered as potential
components of the RhoA-complex. The detection of light-induced alterations was achieved by
direct comparison of RhoA-complexes, purified from light- and dark-adapted ROS, only
considering proteins identified to be components of the RhoA-complex. Proteins identified and
quantified in at least six of 12 biological replicates by at least one unique peptide and one ratio
count were considered for further analysis. A significance A p-value below 0.05 was set as

threshold for light-induced alterations. Visualization of the data was done with the R software
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(http://www.r-project.org). Full data analysis (e.g. peptide and protein identification, post-
translational modifications, quantification data) and protein lists are supplied as supplementary

material.
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Results

Native bovine retinal tissue was analyzed with B-tubulin as first bait. Bovine retinae were lysed
and equal amounts of the protein lysate were used either as a control or for the IP. To purify the
B-tubulin protein complex, a monoclonal B-tubulin antibody and a second polyclonal antibody
directed against -tubulin was used, whereas controls were incubated with species-specific IgGs
or an anti-RGS9 antibody as a nonspecific control antibody. Precipitated protein complexes were
washed, eluted and - after reduction and alkylation - labeled either with the light ICPLO (control)
or with the heavy ICPL6 (IP). Following labeling, both samples were combined. Combining the
samples early on minimizes the experimental error and appears as an advantage over sample
combination on the peptide level as necessary for e.g. iTRAQ labeling (21) as well as over
separated mass spectrometric analysis of the samples in label-free approaches. As a result,
ICPL increases the likelihood of identifying protein complex components by decreasing the
quantitative inaccuracy especially once lowly abundant peptides are compared. In our workflow,
combined samples were tryptically cleaved in solution. Peptides were desalted by the use of
StageTips (15, 16) and analyzed by online liquid chromatography-tandem mass spectrometry
(LC-MS/MS) on a LTQ Orbitrap Velos mass spectrometer (Thermo Fisher Scientific). MaxQuant
with the integrated Andromeda Search Engine was used for both, protein identification and
quantification (19, 20). Subsequently, specific protein complex components were reliably
distinguished from non-specific binders and contaminants by significant enrichment in the IP,
compared to the control sample (Figure 1a).

As expected, we found different B-tubulin subunits as the major components of the precipitated
protein complex. Overall we identified and quantified 327 proteins (monoclonal B-tubulin
antibody) and 524 proteins (polyclonal B-tubulin antibody), respectively, with a minimum of 2
identified peptides and 2 heavy/light counts (supplementary Tables S1 and S2). Most of the
proteins were not significantly enriched and were equally abundant in both, the control and the
IP sample. Therefore, these were considered as non-specific contaminants and background
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(Figure 1b and 1c). We found a total of 10 proteins with significantly increased abundance ratios
(p<0.01) in both experiments. Six of those are either p-tubulin or a-tubulin subunits, two are
microtubule-associated proteins (22, 23). The two remaining proteins DDX19B and RUVBL2
were not considered so far as tubulin interacting proteins (Table 1).

As a proof of the accuracy and reliability of the ICPL-IP approach, we benchmarked our method
to SILAC (4-8). To this end, we used cultured HEK cells instead of tissue and again enriched the
R-tubulin complex. HEK293T cells were metabolically labeled via SILAC (Figure 2b);
simultaneously HEK293T cells were grown in normal media for subsequent ICPL labeling
(Figure 2a). After lysis of the cells, equal amounts of lysates were used for SILAC and ICPL-IP
experiments. The IP samples were incubated with the monoclonal R-tubulin antibody; controls
were incubated with species-specific IgGs instead. Precipitated protein complexes were washed,
eluted and combined (SILAC light, heavy) or labeled with light ICPLO (control) and heavy ICPL6
(IP) and combined following the chemical labeling. All proteins were cleaved in solution with
trypsin, resulting peptides were desalted using StageTips (15, 16) and analyzed by online liquid
chromatography-tandem mass spectrometry (LC-MS/MS) on a LTQ Orbitrap Velos mass
spectrometer (Thermo Fisher Scientific). For protein identification and quantification the
MaxQuant Software with the integrated Andromeda Search Engine was used (19, 20).

As for the tissue-based approach, we could identify different subunits of R-tubulin as major
components of the precipitated protein complexes for both, the ICPL and the SILAC-labeled
proteins. Altogether 17 of 228 proteins were found to be significantly enriched (p<0.01) with the
ICPL-IP and 18 (p<0.01) of 205 with the SILAC-IP (Figure 2c, Table 2, supplementary Tables S3
to S7). All specifically enriched proteins have been previously described as either
tubulin/microtubule-associated proteins or associated with its binary interactors. A comparison
shows that 14 of the 17/18 significantly enriched proteins were identical for both labeling

approaches (Table 2, supplementary Table S7).
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To challenge our ICPL-IP approach and to demonstrate the possibility also to compare the
protein complex composition of two physiological states, enabled by applying triplex ICPL-
labeling, we selected the low abundantly expressed small GTPase RhoA. This GTPase plays a
key role in the regulation of actomyosin contractility. RhoA was shown to be expressed 12-times
lower than B-tubulins in bovine rod photoreceptor outer segments (ROS) (24). To determine and
compare RhoA-associated complexes, ROS were isolated from light- or dark-adapted bovine
retinae, lyzed and equal amounts of protein lysate were used for either controls or IPs. For one
half of the ICPL-IP triplex approach we compared an IP of light-adapted ROS (IPjgn) with the
corresponding light-adapted control (Cgr). For the second half, we performed the corresponding
dark-adapted ROS approach (IPgak, Caar). TO detect light-induced alterations, we directly
compared IPjgn and P4 in each experiment (Figure 3a). The use of the different controls (Ciignt
or Cqark) Was necessary, because of the light-induced translocation of several proteins from the
photoreceptor outer to the inner segment as well as the other way around, leading to
concentration changes during light- and dark-adaptation (25).

Precipitation of RhoA was achieved by using a monoclonal antibody against RhoA, whereas
controls were incubated with species-specific IgGs or an anti-GAPDH antibody as a nonspecific
control antibody. Samples were treated the same as described for the B-tubulin duplex ICPL-IP
assay before, besides the fact that dark- or light-adapted retinae were used as protein source
and that labeling was done in triplex settings. The light ICPLO label was used either for Cjgy or
Caark, Whereas ICPL6 (medium) was used for the IP;g,: and ICPL10 (heavy) for the IPga«. With
MS-derived peptide identification and quantification based on MaxQuant (19), specific protein
complex components were reliably distinguished from non-specific binders as well as
contaminants discriminated by significant enrichment in the IP compared to the corresponding
control sample. IPjg: and IPgac Were directly compared and differences in the protein complex
composition in the light- versus dark-adapted state were analyzed. Overall 439 (IP;gy) and 392

(IPgark) proteins, respectively, could be identified and quantified (supplementary Table S8). Again
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most proteins were not significantly enriched, therefore these were considered as non-specific
contaminants and background. 25 proteins were found to be significantly enriched in the IPjgn
(p<0.05; Figure 3b, supplementary Table S8) whereas 19 showed significant enrichment in the
IP4ark (p<0.05, Figure 3c, supplementary Table S8). One important interaction of RhoA with the
visual G protein-coupled receptor rhodopsin, already described by Kiel et al. (26), was found as
significantly enriched in light-adapted ROS. Also enriched under light conditions are rod cGMP-
specific PDE6B, PRPH2 as well as two other small GTPases, RhoB and Rab10. Proteins
exclusively enriched in the dark-adapted RhoA-complex are the small GTPase Rab11B and
LRIT1.

The direct comparison of light- and dark-adapted RhoA-complexes revealed that the majority of
its protein interactions in the retina are not affected by these two different physiological states.
Nine proteins, however, showed light-induced alteration in binding to RhoA. Two of those
showed increased binding (SPR, ZNF496), while the remaining (ATAD3A, CAPZA2, H1FNT,
KIF5C, LRIT1, RhoB, SCG2) were weaker associated to the RhoA-complex in light (Figure 3d,

Table 3, supplementary Table S8).
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Discussion

Here we describe a new method to accurately analyze protein-protein interactions from primary
tissues using isotope coded protein labeling (ICPL), immunoprecipitation and quantitative mass
spectrometry.

Via dissection of two interactomes, the B-tubulin and the RhoA interactomes,
immunoprecipitated from retinal tissue and from ROS, respectively, we can show that this
method can determine protein interactions with high confidence. Due to its high content of disk
membranes ROS are a challenging tissue. The results of the p-tubulin IP demonstrate that the
differential enrichment of specific binders over the control allows discrimination between binders
and non-specific background, as virtually all significantly enriched proteins are either tubulin
subunits or tubulin-associated proteins. No obvious false positive complex components were
detected. Among the significantly enriched interactors one likely new B-tubulin interacting protein
was identified (DDX19B) in both IPs, using different antibodies and appropriate controls. Since
this is a RNA helicase, there is no obvious functional link to tubulin yet. Its presence in both
experiments, however, strongly suggests that there is a physical link between tubulin and
DDX19B. To further validate this and to identify the functional consequences of this interaction,
further studies, beyond the scope of this manuscript would be necessary. The second candidate
which was not described yet to be a B-tubulin interacting protein, RUVBL2, is closely related and
shares high sequence homology to RUVBL1 that is reported to be a tubulin interactor (27).

The benchmark of the ICPL-IP to the SILAC-IP shows that it is at least comparable to SILAC as
only in three (ICPL), respectively four (SILAC) significantly enriched proteins differ between the
two experimental setups, all of which were described to be tubulin/microtubule interactors as
well (Figure 2c, Table 2, supplementary Table S7). Two (AIF, IRS4) of the three proteins,
significantly enriched in the ICPL-IP only, were also detected in the SILAC-IP, although below
the stringent significance threshold. The remaining protein (CGI-17) could not be identified and

quantified with the SILAC approach. From the four proteins only significantly (p<0.01) enriched
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with the SILAC-IP, three proteins (TUBB4, PCNA, TUFM) could not be quantified with ICPL,
because the identified peptides are devoid of lysine and therefore not labeled. The fourth protein
(RPL38) was found only in one out of three ICPL-IP experiments and was therefore filtered out
by our stringent filter criteria. We identified the IRS4 as a specific B-tubulin interactor by the
ICPL-IP (p<0.01), whereas a previous study described B-tubulin to be a contaminant in a non-
quantitative IRS4-pulldown (28). Since we could not detect IRS4 as a specific tubulin interactor
in our SILAC approach (p-value 0.052), the conclusiveness of the interaction still remains

ambiguous.

Tubulins are highly abundant proteins and therefore not the most challenging targets. We
therefore selected the low abundant small GTPase RhoA and immunoprecipitated its complexes
from bovine photoreceptor outer segments. Preparation of immunoprecipitates from this
specialized part of the photoreceptor cell is highly challenging as ROS are tightly packed with
membranous discs and RhoA has to be solubilized out of the intermembraneous space.
Nevertheless, we were able to identify components of the RhoA-complex in ROS. The low
abundance of RhoA resulted in an increased variability, given that we are working close to the
limit of detection.

Generally, the family of Rho GTPases seems to be involved in the regulation of the cytoskeleton.
The activation of Rho leads to the assembly of contractile actin-myosin filaments and of
associated focal adhesion complexes. The current hypothesis is that Rho family GTPases acts
as a molecular switch to control a signal transduction pathway that links membrane receptors to
the cytoskeleton (29-31).

In addition to the known RhoA interactor rhodopsin (26), structurally a membrane integral G-
protein coupled receptor, we were able to identify novel components of the RhoA- complex
(Figure 3b and 3c, supplementary Table 8). These are for example RhoB and TAGLN3, which

both are involved in actin organization and vesicle transport (32-35). As rhodopsin was
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previously shown to be interconnected with RhoA and involved in actin cytoskeleton assembly
and dynamics, both interactors strengthen the hypothesis that rhodopsin, besides its role of
initiating the signal transduction of light that enables us to see, is involved in regulating outer
segment structure via interaction with proteins regulating cytoskeletal dynamics.

STMN3, another interactor identified by the ICPL-IP of RhoA, further points to its role in
regulating microtubular dynamics, as STMN3 was described, when activated, to sequester
microtubular filaments (36, 37). Rab10 and Rab11, both previously identified as proteins
expressed in photoreceptor outer segments, are likely to participate in vesicle trafficking along
cytoskeletal routes (38), as is KIF5C (39, 40). These interactors indicate a potential role of RhoA
in cytoskeletal reorganization in ROS.

Given, that RhoA was found to act downstream of the light receptor rhodopsin and to test,
whether complex composition may be altered by light, we employed a triple ICPL-labeling
strategy to detect and quantify eventual light-induced alterations within the RhoA-complex. As
expected, the majority of the RhoA protein interactions are not affected by light (Figure 3d, Table
3, supplementary Table S8). However, the abundance of nine proteins (H1FNT, ZNF496, SPR,
ATAD3A, RHOB, LRIT1, CAPZA2, SCG2, KIF5C) is significantly altered within the RhoA-
complex in reaction to light. Seven out of these nine proteins are involved in endocytic
trafficking.

Despite its role in regulating the cytoskeleton, there is increasing evidence describing the Rho
GTPase subfamily in several aspects of endocytic trafficking (41). The endocytic system carries
out specialized tasks in receptor recycling, degradation, cargo sorting and transporting. This is
depending on a network of interacting proteins like the Rho GTPase family, actin and also on
microtubules (42, 43) The light-induced alterations that we found within the RhoA-complex
suggest that RhoA could be involved in light-induced endocytic-like processes, as most of the

interactors which showed a light-induced alteration in binding to the RhoA-complex have been
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described to be involved in endocytic processes or in the regulation of both, the actin and
microtubulin cytoskeleton.

RhoB, for example, has been suggested to participate in regulating endosomal trafficking (34,
44). Specifically, RhoB seems to recruit proteins to endosomes and apparently activates them
(33). Due to the high sequence homology between RhoA and RhoB (82% sequence homology)
and as RhoA is reported to bind with itself (45), an interaction between both proteins, as we
could detect it, is likely to be true. CAPZA2 and SCG2, both play an active and essential role in
assisting and even driving certain stages of the endocytic process, like the formation and
movement of endocytic vesicles or participation in the vesicle sorting and packaging (46, 47).
SPR might also be involved in endocytic processes; however, its involvement is rather indirect
by regulating the levels of nitric oxide (48), which in turn has an impact on RhoA activity (49).
The Kinesin family member KIF5C, a microtubule-based motor protein, is an example for the
functional interplay between the actin and tubulin filament systems, as it is necessary for
endocytic processes. While the C-terminal tail domain interacts with actin filaments, the motor
domain of KIF5C binds to microtubules (39, 40). Furthermore, we found a light-dependent
binding of two proteins (H1FNT, ATAD3A) to the RhoA-complex, whose family members are
known to be involved in microtubule dynamics and vesicle-mediated protein transport (50-52).
The two remaining proteins (LRIT1, ZNF496) do not have any obvious connection to the above
mentioned processes, although LRIT1 was discussed to be involved in phototransduction or
photoreceptor morphogenesis and maintenance (53). The outer segments of photoreceptors are
continuously renewed and maintain a constant length through disc formation at their base and
disc shedding at their tip. Due to the high rate of disc turnover in ROS (10% per day) (54), there
is a need for constant renewal by the delivery of membrane components at the base of ROS.
This is achieved by the transfer of membrane material and proteins to and along the connecting
cilium and by an endocytic-like process that leads to the invagination and secession of

membrane structures (54, 55). RhoA seems to participate in these processes and the light-

(18]



induced alterations we detected on the protein complex level could reflect the changes in the
necessity for outer segment renewal in light and dark conditions on the molecular level. Further

functional studies will be necessary to affirm the physiological relevance of these alterations.

The results of these experiments demonstrate that the ICPL-IP allows sensitive detection of
quantitative changes that are due to altered physiological states. Taken together, the ICPL-IP
proves as a highly selective and confident method to determine interactions of proteins at their
endogenous cellular levels in primary tissue, devoid of any limitation of species or tissue type.
ICPL-IP also allows the analysis of human biopsy material and opens the door to correlate and
validate work performed in human cell lines with primary biopsy material, generating new

opportunities especially for medical research.
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Figure Legends

Figure 1: ICPL-IP: A novel approach for the quantitative protein complex analysis from
native tissue. (a) Experimental scheme of the ICPL-IP by using a combination of
immunoprecipitation, isotope coded protein labeling and mass spectrometry. Equal amounts of
lyzed tissue are splitted into a control and IP. The IP contains the specific antibody, whereas the
control only contains species-specific IgGs. Following IP, the samples are differently labeled
(yellow and orange stars), mixed and analyzed by LC-MS/MS. After software-based analysis,
non-specific binders (purple) can be easily determined by ratios of 1:1. Specific binders to the
protein of interest (blue) are detected by significant enrichment in the IP. (b-c) Detection of p-
tubulin  protein complex components by ICPL-IP in retinal tissue. Proteins were
immunoprecipitated using a monoclonal (b) or a polyclonal (c) B-tubulin antibody, respectively.
Plotted are log10 ratios (x-axis) and log10 intensities (y-axis) for each quantified protein.
Significantly enriched proteins in one of the two ICPL-IPs (green, p<0.01), non-specific binders
(grey), and proteins significantly enriched in both case (red, p<0.01) are indicated (for details

see Experimental Procedures and Table 1).

Figure 2: Comparison of ICPL and SILAC for quantitative immunoprecipitation. (a)
Experimental scheme of the quantitative p-tubulin ICPL-IP using cultured HEK293T cells. Equal
amounts of cell lysate are taken either for the control or for the IP. After IP, samples are ICPL-
labeled and analyzed by LC-MS/MS. Specific interaction partners are determined by significant
enrichment in the IP, whereas non-specific binders are identified by ratios of 1:1. (b)
Experimental scheme of the quantitative B-tubulin IP with SILAC-labeled HEK293T cells. The
workflow is equivalent to the ICPL-IP procedure except that proteins in the cells are already
metabolically SILAC-labeled. (c) Detection of specific protein complex components and non-
specific background of the B-tubulin ICPL-IP and SILAC-IP in HEK293T cells. Plotted are log10

ratios (x-axis) and log10 intensities (y-axis) for each protein quantified. Significantly enriched
[24]



proteins (p<0.01) found in common are plotted in green. Uniquely detected B-tubulin complex
components (p<0.01) for each approach are shown with black circles, non-specific binders in

grey (for details see Experimental Procedures and Table 2).

Figure 3: Light-induced alterations within the RhoA-complex. Applying an ICPL triple
labeling approach, RhoA interactors (p<0.05) were identified by affinity-purifying the complexes
from light- and dark-adapted ROS using a RhoA-specific antibody. (a) Schematic representation
of the ICPL-IP triplex workflow. IP of light-adapted (IP light) and dark-adapted ROS (IP dark) are
compared with appropriate controls. Controls are labeled with ICPLO (light), IP light with ICPL6
(medium) and IP dark with ICPL10 (heavy). RhoA interactors in light and dark are determined as
well as RhoA-complex alterations in IP light versus IP dark. Specifically bound proteins are
detected by their significant enrichment compared to the control sample. (b) Significantly
enriched (p<0.05) RhoA interactors in the IP light. Potential RhoA interactors are highlighted in
green. (c) Significantly enriched (p<0.05) RhoA interactors in the IP dark. Potential RhoA
interactors are highlighted in green. (d) Light-induced alterations (p<0.05) are detected by direct
comparison of RhoA-complexes purified from light- and dark-adapted ROS. Only potential RhoA
interactors (highlighted in green) were considered for this comparative study of different
physiological states. Proteins showing a light-induced alteration in association to the RhoA-
complex are additionally labeled by red circles.

(b-d) Plotted are the log10 ratios on the x-axes and the log10 intensities on the y-axes. (for

details see Experimental Procedures, Table 3 and supplementary Table S8).
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Table 1: Proteins found significantly (p<0.01) enriched in two different -tubulin ICPL-IPs [(B-tubulin(m), B-tubulin(p)] from bovine retinal

tissue. Monoclonal B-tubulin antibody [B-tubulin(m)], polyclonal B-tubulin antibody [B-tubulin(p)].

Ratio B—tublin(m)/control |Ratio B-tublin(m)/control | Ratio B-tublin(p)/control |Ratio B-tublin(p)/control
Normalized Normalized Significance A Normalized Normalized Significance A |Uniprot ID |Gene Name |Protein Names

7.096-25 246 | 546609 | Q3vHMS | TUBBXC [Tubulin beta-2C chain
| 38 | seoe2 | 915 | 280642 | Q2190 | TUBB3 [Tubulin beta-3chain

6.14E-13 3.736-06 TUBA4A _[Tubulin alpha-4A chain
1.08E-04 3.45E-03 Q2YDF3 | DDX198 [(Asp-Glu-Ala-As) box polypeptide 198 | unknown |

1.48 2.66E-03 12.93 1.77E-55 FIN1I9 MAP7D1 |MAP7 domain-containing protein 1 yes
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Table 2: Comparison of the enriched (p<0.01) proteins of the B-tubulin ICPL-IP versus SILAC-IP from HEK293T cells. Ratios are the

mean of three biological replicates.

ICPL-IP SILAC-IP
Ratio Ratio
Ratio Ratio
-tubulin/control -tubulin/control
p-tubulin/control B-tubuli l, B-tubulin/control B-tubuli ,, UniprotID | Gene Name Protein Names Tubulin/interactor
Normalized Normalized Normalized Normalized
' Significance A ' Significance A

6.22E-06 4.39E-03 Q9BVA1 TUBB2B  [Tubulin beta-28B chain

36.51 2.07€-05 22.72 8.64E-07 Q3ZCM7 TUBB8  |Tubulin beta-8 chain
| 2453 | 13304 | 904 | 433604 | Q96EY1-1 | DNAJA3 |Dnal homolog subfamily A member 3

17.81 5.17€-04 16.67 8.74E-06 P68371 TUBB2C I::I:' in beta-2 chain;Tubulin beta-2C

14.18 1.26€-03 12.58 5.88E-05 cprz  |Ce!! cvdle progression restoration
gene 3 protein

10.38 38403 | - | | 095831-1 |  AIF___|Apoptosis-inducing factor 1 [ yes |
160 kDa phosph i in;

9.81 4.64€-03 014654 IRS4 60kDa phosphotyrosine protein; yes
Insulin receptor substrate 4
Alpha-tubulin ubiquitous;Tubuli

9.15 5.83€-03 8.84 4.91E-04 P68363 TUBA1B pha-tubulin ublquitous; Tubulin yes
alpha-1B chain
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Table 3: Light-induced alterations in the RhoA-complex. Ratios are the mean of 12 biological replicates. Proteins highlighted by “+” show

a significant light-induced alteration in association to the RhoA-complex.

Ratio light/dark Ratio light/dark
Normalized A Normalized Uniprot ID Gene Name Protein Names
significant Significance A

| o019 [ + | 113603 | E1BKZ2 | LRI [LRIT1 Leucine-rich repeat-containingprotein21 |
| o029 [ + | 003 | P20616 |  ScG2___ |sCG2Secretogranin-2 |
|03 [ | 007 | QouGs | _ PFKM___[6-phosphofructokinase, muscletype |
s | | o1 | Fimos> | KOMSA llysnespecfcdemetnyimsesa
| 141 [ | o019 | Q31003 | RPLIBA _ [60Sribosomalproteinliga |
049 [ | 028 | A1A41 | PFKL___[6-phosphofructokinase, livertype |
| 119 [ | 035 | Q2NKR7 | FAM162A |ProteinFAM162A |
| 111 [ | 045 | P23439 |  PDE6B __ |Rod cGMP-specific 3,5-cyclic phosphodiesterase subunit beta |
. 105 | | o952 | Finace | BHMT2  [s-methylmethionine--homocysteine S-methyltransferase

| o091 [ | 074 | FIMN6O |  ATP2B2 _ |Plasma membrane calcium-transporting ATPase2 |
| o072 [ | 08 | FIMJ70 | HSPAI2A _ |Heatshock70kDaproteini2A |
| o84 [ | 08 | Q29423 | CDa4 _ |cD4dantigen |
| o78 [ | 100 | Q01321 | NDUFA4 _ |NADHdehydrogenaselalpha |
| ndef. [ | 100 | A4Fk9 | STMN3 _ |stathmin3 |
| ndef. [ | 100 | 0Q3swx8 |  RBBP7 __|HistonebindingprotenRBBP7 |
| ndef [ | 100 | Q3zBy2 | TAGIN3 |Transgefin-3 |

1,00 Q37114 Ribonuclease UK114

Ratio light/dark
Normalized
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