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Zusammenfassung

ABSTRAKT

Diese Dissertation beschreibt zwei Forschungsprojekte, welche sich mit den Spezifitätsprofilen der 

molekularen Erkennung von nativen linearen Motiven durch Module der Proteinarchitektur befas-

sen.  Insbesondere handelt es sich um drei Tryptophan-Tryptophan Protein-Interaktions-Domänen 

(kurz: WW), die im Wildtyp der BAG3 und PQBP1 Proteine, als auch des Y65C mutierten PQBP1 

vorkommen.  Das mutierte Y65C PQBP1 Protein ist mit dem Auftreten des Golabi-Ito-Hall Syn-

droms assoziiert, einer X-verbundenen intellektuellen Behinderung (X-LID).  

Der Sequenzraum, in welchem die Erkennungsspezifität der WW definiert wurde, entspricht ei-

nem Satz von 1885 Peptidproben aus dem human-proteomischen Repertoire potentieller Liganden.  

Zusätzlich, wurde eine unabhängige Kontrolle der kreuzreaktiven Bindungsereignisse durchgeführt.

Dadurch war es möglich, jene Sequenzelemente zu identifizieren, welche eine Neigung zur Wech-

selwirkung mit dem Detektionssystem aufweisen und somit falsch positive Ergebnisse erzeugen.  

CASA Projekt: Da BAG3 das einzige Mitglied der BAG ko-Chaperonen Familie mit einer WW 

in seiner modularen Architektur ist, wurde im ersten Projekt erwartet, dass ein Spezifitätsprofil der 

WW neue Einblicke liefere, um folgende Frage zu beanworten: Wie kann BAG3 das Schicksal von 

Hsc70-Substraten vom Abbau oder von der Renaturierung hin zur Chaperon-assistierten selektiven 

Autophagie (CASA) lenken? CASA ist von entscheidender Bedeutung für die Homöostase von Pro-

teinfaktoren, die mechanischer Beanspruchung ausgesetzt sind.

Die Spezifität der BAG3-WW für lineare Motive wurde durch Peptidarrays kartiert. Dadurch 

wurden potenzielle Proteinelementen des CASA-Komplexes identifiziert und die Anhäufung an 

biologischen Prozessen im Spezifitätsprofil analysiert. Schließlich wurde die Rolle von CASA in fi-

laminabhängigen mechanosensitiven Signalwegen und im Targeting von Hsc70-Sustraten für die 

Autophagie in glatten Muskelzellen, humanen Jurkat T Lymphoblasten und primären Leukozyten 

untersucht.

GIHS Projekt: Frühere Berichte belegen durch klinisch-genetische Analyse, dass das Golabi-Ito-

Hall-Syndrom (GIHS) mit einer Y65C Punktmutation der WW von PQBP1 einhergeht. Die 

PQBP1-WW ist die einzige strukturierte Domäne, die in der modularen Architektur des Proteins 
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vorliegt. Mit dieser Beobachtung wurde im zweiten Projekt die Hypothese aufgestellt, dass durch 

die Y65C-Mutation die Erkennung von Schlüsselfaktoren eingeschränkt wird. Die Identifizierung 

dieser Faktoren könnte zur Offenlegung von wichtigen biologischen Prozessen in der molekularen 

Medizin der X-LIDs führen.

Um dies zu prüfen, wurden die Spezifitätsprofile beider WWs (Wildform und Y65C-Mutante) 

vergleichend analysiert, um somit probenspezifische Mutationseffekte zu identifizieren und als 

„loss-“ oder „gain-of-function“ zu klassifizieren. Eine Fokussierung auf die validierte PQBP1-Inter-

aktion mit dem Spleißfaktor WBP11 (auch als SIPP1 bekannt), der einen starken loss-of-function 

Effekt zeigt, führte zur Vermutung, dass das GIHS durch die Deregulierung des pre-mRNA-Splei-

ßens verursacht wird. Diese Hypothese wurde auf Lymphoblastenzellen von GIHS Patienten getes-

tet.

ABSTRACT 

This report describes two different research projects concerning the specificity profiles of native lin-

ear motif recognition by three modules of protein architecture, namely three WW protein interaction

domains (PIDs) found in the wild-type forms of the proteins BAG3 and PQBP1, as well as in the X-

linked intellectual disability (X-LID) associated Y65C point-mutation in PQBP1.  

The sequence diversity space on which recognition specificity was defined for WW domains cor-

responds to a core set of 1885 peptide probes representing the human proteomic repertoire of poten-

tial ligands.  Additionally, an independent control of cross-reactive binding events was carried out 

and used to describe sequence elements with potential to give false-positive measurements by inter-

action with three different detection systems in the absence of a specific analyte.

Firstly, since BAG3 is the only BAG-family member with a WW domain in its modular architec-

ture, a specificity profile of proteomic PPXY recognition was expected to give new insights to ex-

planations of how BAG3 diverts the fate of Hsc70-clients from co-chaperone assisted proteosomal 

degradation or renaturation to the co-chaperone assisted selective autophagy (CASA).  CASA is 

known to be crucial for the homeostasis of protein factors, which sens mechanical stress.   

The linear motif specificity of the BAG3-WW was mapped to identify potential protein recruits 

for CASA and to analyze the enrichment of biological processes in the specificity profile.  Finally, 

the role of CASA in the transduction of filamin-dependent mechano-sensing and targeting of Hsc70
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clients to autophagy was identified in tension-induced adherent A7r5 smooth muscle cells, human 

Jurkat T lymphoblasts, and primary leukocytes.

Secondly, early reports showed that the Golabi-Ito-Hall syndrome (GIHS) associated by clinical 

genetics to a Y65C point-mutation in the WW domain of PQBP1, the single structured domain in 

the modular architecture of the protein.  This brought up the hypothesis that the identification of key

factors with compromised recognition by the mutated WW domain could reveal important biologi-

cal processes involved in the molecular medicine of X-LIDs.  

For this, a comparative analysis of mutant versus wild-type WW specificity profiles of PQBP1 

were applied to identify probe specific mutation effects and the enrichment of biological processes 

in probe classes with a different stamp of the mutation effect (loss- or gain-of-function).  Focus on 

the known PQBP1 interaction with the splicing factor WBP11, which showed a strong loss-of-func-

tion effect, suggested that the Y65C PQBP1-associated X-LID syndrome is caused by deregulation 

of pre-RNA splicing.  This hypothesis was tested on lymphoblast cells from GIHS patients.

INTRODUCTION 

Specificity Profiles

Cellular function is usually explained in biology and medicine through models, in which a redun-

dant or degenerate input is transformed into a meaningful pattern.  A key concept of such explana-

tions is the specificity of molecular recognition.  In fact, the most often driving force behind the 

technological developments observed in high-throughput strategies to analyse molecular interac-

tions, is to describe recognition specificity in terms of probability or affinity.

Despite the ubiquitous use of the concept, any attempt to define it has been as controversial as a 

definition of living systems (Pawson and Nash, 2000).  Nevertheless, scientific debate about speci-

ficity, e.g. in cellular signal transduction, has lead to some delightful ideas around the apparent 

paradox between promiscuous binding events and functional outputs.

Instead of giving an absolute definition, which to my best knowledge is not satisfactorily given 

in the literature, focus is given here to a paradigm shift pointed out early by (Mayer, 2001) and oth-

ers.  The most widely used model to explain the functional outputs of cellular signal transduction is 

a correction of the most simplistic linear chain of binding events (Fig. 1A) through differential ex-

pression, sub-cellular compartmentalization, additive effects of multiple binding sites between inter-
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action partners, and cooperative allosteric effects upon assembly of molecular complexes (Ladbury 

and Arold, 2000).  While the linear-chain model relies on an affinity-driven concept of inherent 

specificity, corrections of it give account for the general observation that affinity for natural ligands 

may be comparable to that for competing ligands.  The corrected linear-chain model relies in the 

concept of an effective specificity driven by the factors mentioned above.

Beyond corrections, a different model is mostly used in the analysis of molecular interaction net-

works.   Therein, inherent specificity of pair-wise interactions is replaced by a network of interac-

tions with dynamic equilibria for assembly to functional molecular complexes (Fig. 1B).  The gain 

in information content that can be assigned to individual interactions in such a probabilistic view 

and its potential to explain the evolutionary plasticity of protein interactions (Beltrao and Serrano, 

2007) is, in fact, very seductive.

The work described here takes a pragmatic position in this debate.  The basic strategy consists in 

defining an in vitro context of extensive peptide probes to define specificity as a profile of biochem-

ical binding potential based on semi-quantitaive data (inherent specificity) and validating selected 

potential interactors via pull-down and co-localization experiments (effective specificity).  The 

modular analysis of specificity, i.e. focusing on interactions mediated by PIDs, was essential to in-

vestigate the individual problems of the two independent projects introduced subsequently.

BAG-Family Co-Chaperone Commitment in Proteostasis

Text from Ulbricht et al. (2013), see there for references.  

Mechanical tension is an ever-present physical stimulus in cells and tissues.  Cardiovascular, respi-

ratory, urogenital, and locomotory systems are permanently exposed to mechanical stress and re-

spond to mechanical signals under physiological and pathophysiological conditions.  Even in set-

tings without an explicit mechanical stimulus, crosstalk between the actin cytoskeleton, cell surface 

adhesion proteins such as integrins, and the extracellular matrix (ECM) generates mechanical ten-

sion, critical for processes ranging from inflammation to stem cell differentiation and oncogenic 

transformation.  Sensing mechanical forces involves tension-induced conformational changes and 

unfolding of mechanosensors such as the ECM component fibronectin, integrins and different actin-

anchoring proteins.  A common response is the reinforcement of adhesion sites and of the actin cy-

toskeleton, which depends in part on the transcriptional regulators YAP and TAZ.  Yet, how 

mechanosensing is ultimately linked to transcriptional responses remains poorly understood 

(Fig. 1C).  
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Chaperone-assisted selective autophagy (CASA) is essential for maintaining muscle activity un-

der mechanical strain in flies, mice and men.  Impairment of CASA causes severe childhood mus-

cular dystrophy and dilated cardiomyopathy, and was linked to limb-girdle muscular dystrophy.  

CASA operates at the Z-disk, a protein assembly for actin-anchoring in striated muscles.  It initiates

the lysosomal degradation of Z-disk components such as the integrin-binding and actin-crosslinking

protein filamin, following contraction induced unfolding and damage.  Unfolded filamin is recogni-

zed by a chaperone complex containing heat shock cognate Hsc70 and the small heat shock protein 

HspB8 (also known as Hsp22), which are physically linked by the CASA-inducing co-chaperone 

BAG3.  Filamin is released from the Z-disk, becomes ubiquitylated by the Hsc70-associated ubiqui-

tin ligase CHIP and is directed towards the lysosomal compartment in a manner dependent on the 

autophagic ubiquitin adaptor p62.  Autophagic degradation of filamin is a prerequisite for maintai-

ning Z-disk architecture under mechanical strain.  

Ulbricht et al. (2013) shows the role of BAG3 in linking mechanosensing to YAP/TAZ sig-

nalling and recruitment of the CASA-client filamin to lysosomes.  It also shows that CASA is not 

restricted to striated muscles but instead is part of a common mechanotransduction pathway, which 

senses mechanical unfolding, maintains responsiveness to mechanical cues by exploiting protein 

homeostasis mechanisms, and triggers transcriptional responses to cope with mechanical strain.

The Intriguing Role of PQBP1 in X-LID

Text from Tapia et al. (2010), see there for references.

The PQBP1 (polyglutamine tract-binding protein 1) gene encodes a nuclear protein of 38 kDa that 

is abundantly expressed in the central nervous system.  Several studies have provided evidence for a

role of the PQBP1 protein in the pathogenesis of polyglutamine expansion diseases, including 

spinocerebellar ataxia type 1.  More direct evidence for the contribution of PQBP1 to neurological 

disorders has come from clinical genetics.  Mutations in the PQBP1 gene were reported in several X

chromosome-linked intellectual disability (X-LID) disorders, such as Renpenning, Suther-

land-Haan, Hamel, Porteous, and Golabi-Ito-Hall syndromes (GIHS).  Interestingly, although 

caused by different mutations within the PQBP1 gene (e.g. frame shifts that result in truncated pro-

tein products, missense point mutation; see Fig. 1D and E), these syndromes share similar clinical 

features.  In addition to severe intellectual disability, the patients also have a short stature, lean 

body, small head, and are frequently diagnosed with cardiac abnormalities (atrial septal defects).
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The missense mutation in the GIH syndrome (Fig. 1D) is unique among the PQBP1 mutations 

reported so far because it maps within the single structured region of the protein known as the WW 

domain and because the lesion does not affect the size of the mutated protein.  The WW domain is a

well characterized PID that mediates specific interactions with ligands that contain short pro-

line-rich motifs.  The domain is composed of 38 amino acids, and it is one of the smallest among all

PIDs.  The structure is a three β-strand meander that forms a shallow binding pocket for proline-rich

ligands.  In general, the folding of WW domains does not require cognate ligands or co-factors.  

The WW domain of PQBP1 was shown to interact with the pre-mRNA splicing factor WBP11, 

also known as SIPP1, and with RNA polymerase II.  Consequently, the PQBP1 protein was sugges-

ted to regulate pre-mRNA splicing and transcription.  The WW domain mutation implicated in 

GIHS results in a chemically significant substitution by changing the conserved tyrosine at position 

65 within the aromatic core of the domain to cysteine.  Mutations that locate within PIDs or in their 

cognate ligands have been shown to affect the complexes and result in diseases.  

Therefore, we hypothesized that the Y65C mutation of the PQBP1-WW domain would lead to a 

loss or gain of function by affecting the binding of the domain, and ultimately of the protein, to co-

gnate ligands.  We also considered that the mutation could affect the folding and stability of the pro-

tein.  We tested our hypotheses by a number of complementary biochemical, biophysical, and cell 

biology techniques.  Our data show that the binding function of the mutated domain is affected, as 

assayed by in vitro screens of peptide repertoires that represent the complete proteomic complement

of PPXY motif-containing human proteins.  

Selected proline-rich peptides derived from known protein partners of PQBP1 WW domain, in-

cluding that of WBP11, were used in binding assays and showed that the Y65C mutation resulted in

decreased binding of the domain to these peptides.  Moreover, we documented that the compromi-

sed complex between PQBP1 and WBP11 resulted in the pre-mRNA splicing defect in GIHS-deri-

ved lymphoblasts but not in the control cells.  We also found suggestive evidence that the Y65C 

mutation affected folding of the mutated protein, but apparently it did not change the rate of protein 

degradation.  Our report sheds light on the molecular consequence of the missense mutation that 

causes GIHS and provides guides for further molecular analysis of PQBP1 function.  

METHODS 

A selection of analytical approaches essential for comprehensiveness of this report is described be-

low.  For reproducibility please refer also to the preparative approaches in the original publications.
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CONTROL OF UNSPECIFIC ANALYTE CAPTURE

Berlin – Blank analyte constructs were prepared by standard SPPS.  Constructs consisted in the 

GGG tripeptide cojugated to either FITC, biotin, or TAMRA.  Biotin-tagged constructs were com-

plexed with SA-HRP fusion proteins for detection.  Peptides probes to test unspecific binding to the

above stated detection systems were designed as GGGGXXXXGGGG, where X is any of 20 natu-

ral aminoacids or a library of stochastic sequences.  For details, please refer to (Mahrenholz et al., 

2010).

SPECIFICITY PROFILES

Berlin – Spot membranes in Figure 4 were incubated for 24 h in 10 mm Tris-HCl at pH 7.5, 150 

mm NaCl, 0.1% Triton X-100, 0.1 mm reduced glutathione, 1× Sigma blocking buffer with of 32P-

labelled GST-WW domain of PQBP1 (WT or Y65C mutant).  For labelling of the probes, 10 μg of 

each fusion protein were used following the published protocol (Tapia et al., 2010).  Dried mem-

branes were exposed to Kodak x-ray films without using screens.  

The preparation and handling of the membrane in Figure 2A was performed as described in (Ul-

bricht et al., 2013).  HRP-SA/biotin-WW complexes captured by peptide probes were revealed by 

enzyme-linked turnover of luminol in a HRP substrate-mix (SuperSignal West Pico, Thermo Scien-

tific Pierce Inc.), and recorded on a Lumi-ImagerTM F1 Workstation (Roche Applied Science) to a 

digital image.  

Values of SI from datasets were ordered by the rank index k ranging from 1 (highest SI) to N 

(lowest SI), where N is the total number of screened probes.  Thresholds were defined by specifying

a value of k and reading the corresponding signal intensity of the k-ranked probe, i.e. a k=100 

threshold means that 100 peptide probes are defined over the threshold.  In Figure 2, this index cor-

responds to a SI100=12296 AU, which is equivalent to the median background intensity plus 24 

times SD.  

FOLDING ANALYSIS OF PQBP1-WW DOMAIN VARIANTS

Berlin & London – Circular dichroism (CD) measurements were performed on a Jasco J-715 spec-

tropolarimeter equipped with a PTC-348 Peltier system for temperature control.  The instrument 

was calibrated with d-(+)10-camphorsulphonic acid.  Protein concentrations of 60 and 150 μm and 

quartz cuvettes with path lengths of 1 and 2 mm were used for recording far- and near-UV spectra, 

respectively.  Thermal unfolding experiments were performed by recording the dichroic signal at 

230 nm in the temperature range of 5–95 °C.  The samples were heated at a rate of 1 °C/min and 

successively cooled down to 10 °C to determine reversibility.  
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Steady-state fluorescence measurements were performed on a SPEX Fluoromax spectrometer by 

exciting protein samples at 295 nm (slit width, 0.4 nm) and recording the emission intensity from 

300 to 450 nm (slit width, 1.5 nm).  All data were evaluated using the ORIGIN program package 

(Micro-Cal Software).

EX VIVO BINDING ASSAYS OF PQBP1 & WBP11

New York – Human embryo kidney 293 (HEK293) cells were transfected with expression vectors 

that encode the protein of interest using Lipofectamine (Invitrogen).  24 h later, cells were lysed 

with modified immune precipitation assay buffer (50 mM Tris-HCl, pH 7.45, 5 mM EDTA, 300 

mM NaCl, 1% glycerol, 1% Triton X-100, 0.1% sodium deoxycholate, 0.1% SDS) and immuno-

precipitated using anti-FLAG M2 affinity gel (Sigma).  The immunoprecipitates were washed with 

the modified immunoprecipitation assay buffer.  Bound proteins were separated by SDS-PAGE fol-

lowed by immunoblotting.

For further immunoprecipitation experiments, exponentially growing lymphoblast cells and 

transfected HEK293T cells were washed twice with phosphate-buffered saline and harvested in a 

lysis buffer containing 50 mM Tris-HCl at pH 7.5, 0.3 M NaCl, 0.5% (v/v) Triton X-100, 0.5 mM 

phenylmethylsulfonyl fluoride, 0.5 mM benzamidine, and 5 µM leupeptin.  The homogenates were 

centrifuged for 10 min at 10,000 ϫ g, and the supernatants (cell lysates) were used for immunopre-

cipitation.  Anti-EGFP (enhanced GFP) or anti-HA antibodies were added for 1 h at 10 °C followed

by incubation with Protein-A-TSK-SepharoseTM for another hour.  Before immunoblotting, the 

precipitates were washed once with TBS (20 mM Tris-HCl at pH 7.4 plus 150 mM NaCl) contain-

ing 0.1 M LiCl, twice with TBS supplemented with 0.1% Nonidet P-40, and once with 20 mM Tris-

HCl at pH 7.4.

EX VIVO BINDING ASSAYS OF BAG3 & SYNP2

Bonn – To localize the BAG3 binding site on filamin, His-tagged filamin C (FLNC) fragments were

immobilized on Ni-NTA agarose (Qiagen) at ~0.5 μg protein per μL resin.  10 μL of the affinity 

resin were incubated with BAG3 at a concentration of 1 μM in 250 μL washing buffer (20 mM 

MOPS-KOH, pH 7.2, 100 mM KCl, 60 mM imidazole) for 1 h at 4°C, followed by six washing 

steps with the same buffer.  Retained proteins were finally eluted with elution buffer (20 mM 

MOPS-KOH, pH 7.2, 100 mM KCl, 200 mM imidazole).  Eluted proteins were precipitated in 10% 

trichloroacetic acid and analyzed by immunoblotting.  When binding of CASA components to Ig19-

21 of filamin was analyzed, His-Ig19-21 (1 μM) was incubated with BAG3, GST, GST-HspB8 or 
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Hsc70 (1 μM of each) as indicated for 1 hour at 4°C in the presence of Ni-NTA agarose, followed 

by the experimental steps described above.  

For analysis of the SYNPO2-BAG3 interaction, His-tagged SYNPO2 fragments were immobi-

lized on Ni-NTA agarose and incubated with BAG3 and BAG3 WAWA.  Binding experiments 

were performed as described above.  To analyze binding of the SYNPO2 PPPY domain to BAG3, 

MBP- PPPY or MBP were incubated with BAG3 (1 μM of each) in washing buffer (20 mM MOPS-

KOH, pH 7.2, 100 mM KCl, 0.5% Tween20) for 1 h at 4°C.  Subsequently, BAG3 antibody was 

added (10 μg/ml) along with protein G-sepharose, and samples were incubated for 1 h at 4°C.  Fol-

lowing six washing steps with washing buffer, bound proteins were eluted with glycine-HCl, pH 3.5

and analyzed by immunoblotting.

DUAL REPORTER ASSAYS

Leuven – Lymphoblast cells were transfected with the pTN24 reporter plasmid.  After 48 h the cells

were harvested in passive lysis buffer (Promega), and the lysates were used for the assay of lu-

ciferase and ß-galactosidase activities.  The luciferase activities were measured with a Luminoskan 

Ascent luminometer (Labsystem) using the Promega Luciferase kit.  The ß-galactosidase activities 

were measured using ortho-nitrophenyl-ß-galactosidase as substrate.  The splicing efficiency was 

also determined by RNA analysis.  Details as described in (Nasim and Eperon, 2006).  

CELL STRETCH EXPERIMENTS

Jülich – For cell experiments on defined substrate elasticity, A7r5 cells were seeded on soft silicone

rubber substrates as described before (Dupont et al., 2011; Fu et al., 2010).  Elastomeric chambers 

were produced from a 40:1 mixture of base to cross-linker of Sylgard 184 (Dow Corning), which 

was filled in chamber molds and cured at 60°C for 16 h to receive a Young’s modulus of 50 kPa.  

For softening the top layer of stretching chambers recognized by cells after adhesion, an approxi-

mately 100 μm thick layer of a 70:1 mixture (Sylgard 184) of soft silicone rubber (1.5 kPa) was pre-

pared on the 50 kPa stiff chamber bottom.  Mechanical properties were measured by indentation 

with a flat cylindrical punch (4 mm diameter).  This indenter was attached to a force sensor (KD78 

0.5 N; ME-Meßsysteme) and moved by a linear translation stage (PICO Linear Axis LTP 60; Stein-

meyer-FMD).  Indentation was performed in four successive steps each followed by a relaxation pe-

riod of 40 min.  Punch retraction was done identically.  Step height was 200 μm for very soft elas-

tomers (0.6 to 5 kPa) and 40 μm for stiffer ones (above 5 kPa).  Forces were sampled at 10 Hz.  For 

each step indentation resistance was calculated as ratio of equilibrium force (mean over the last 4 

minutes) and indentation depth (step height corrected for the stiffness of the force sensor).  For con-
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version of indentation resistance values into Young’s moduli we exploited the firmly established 

fact that indentation resistance is directly proportional to Young’s modulus if geometry and Poi-

son’s ratio of the material are kept constant.  By this method, Nusil 2.2:1 mixture recieved a 

Young’s modulus of 0.6 kPa and for the 1:3 mixture 230 kPa.  

A7r5 smooth muscle cells were seeded 12 hours before experimental start in 1.5 kPa soft elas-

tomeric chambers at a density of 2,500 cells/cm2.  Cells were stretched with an amplitude of 20% 

and a frequency of 130 mHz for 3 h followed by lysis in RIPA buffer (25 mM Tris-HCl, pH 8.0, 

150 mM NaCl, 0.5% sodium deoxycholate, 1% Nonidet P-40, 0.1% SDS, 10% glycerol, Complete 

protease inhibitor (Roche)).  

RESULTS

Chaperone-Assisted Selective Autophagy (CASA).

The CASA-inducing co-chaperone BAG3 contains a WW domain at its amino terminus.  Such do-

mains are known to interact with proline-rich motifs in binding partners (Sudol et al., 2001).  To 

identify BAG3 interactors, a peptide array displaying 2296 proline-rich peptides from the human 

proteome was incubated with the BAG3 WW domain (Fig. 2A).  The approach led to the identifica-

tion of the known BAG3 binding partner RAPGEF6 (Iwasaki et al., 2010) and 100 putative BAG3 

WW interactors, and revealed preferential binding of the domain to PPPY and PPSY motifs 

(Fig. 2C to E).  One of the putative interactors was synaptopodin-2 (SYNPO2; also known as my-

opodin), a Z-disk localized adaptor protein in muscles and tumor suppressor in bladder and prostate 

(Fig. 2B).  

WW domains and PPXY motifs are interaction partners involved in many components of the 

Hippo signalling pathway that controls organ growth and tumorigenesis (Bao et al., 2011).  Among 

them are the transcriptional co-activators YAP and TAZ (WW domains) and the YAP/TAZ in-

hibitors LATS1/2 and AMOTL1/2, which contain PPXY motifs (Sudol, 2010; Sudol and Harvey, 

2010).  Intriguingly, the YAP/TAZ inhibitors LATS1, AMOTL1 and AMOTL2 were detected as 

potential BAG3 WW domain interactors in the peptide array screen (Fig. 2B).  BAG3 might use its 

WW domain for binding PPXY-containing YAP/TAZ inhibitors and thereby induce YAP/TAZ re-

lease and activation.  

Beyond these findings, the specificity profile of the BAG3 WW led to the successful identifica-

tion of 72 proteins containing the 100 most reactive probes.  32% of such proteins were classified as

having varied roles in cellular signal transduction and endocytosis.  8% are factors of ubiquitin-de-
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pendent degradation and 22% interact with such factors.  Finally, 7% of the identified potential in-

teractors of BAG3 were factors of autophagy (Fig. 2F).  

Extensive validation experiments by cooperation partners in Bonn and Jülich are partially shown 

in Fig. 3.  Credits to respective labs are given in METHODS (see also affiliations in Ulbricht et al., 

2013).  Firstly, attention was focused on SYNPO2.  In muscle cells four different isoforms of 

SYNPO2, i.e. SYNPO2a to d, are expressed, which all contain the PPPY motif recognized by the 

BAG3 WW domain.  SYNPO2 isoform d lacks a C-terminal PDZ domain (Fig. 3A).  Binding stud-

ies confirmed a WW-PPPY mediated interaction between BAG3 and SYNPO2 (see Fig. 1 in Ul-

bricht et al., 2013).  Moreover, BAG3 was readily detectable in endogenous SYNPO2 complexes 

immuno-precipitated from rat smooth muscle cells (Fig. 3B).  The CASA components Hsc70 and 

p62, and the CASA substrate and known SYNPO2 interactor filamin were also found associated 

with SYNPO2 (Fig. 3B).  SYNPO2 apparently interacts with the CASA machinery by utilizing its 

PPPY motif for binding to the BAG3 WW domain.  

To investigate the functional requirement for SYNPO2 during CASA, the BAG3 and SYNPO2 

proteins were depleted from smooth muscle cells.  Consequences for autophagosome (AV) and au-

tolysosome (AL) formation were analyzed using a "traffic light" reporter of the autophagosome 

marker LC3B.  In autophagosomes a tandem arrangement of the fluorescent proteins mCherry and 

eGFP gives rise to yellow fluorescence of the reporter, which turns red upon transfer to the more 

acidic (auto-)lysosomes due to eGFP quenching.  Depletion of SYNPO2 isoforms, although incom-

plete, led to a 60-70% decrease in autophagosome formation, similar to the decrease observed upon 

BAG3 depletion, whereas autophagosome-lysosome fusion remained unaffected (Fig. 3B and C).  

CASA is apparently the prevalent autophagy pathway in adherent smooth muscle cells under nor-

mal growth conditions, and autophagosome formation during CASA critically depends on PDZ-

containing SYNPO2 isoforms.  

Given the enrichment of cell signaling factors in the PPXY specificity profile, attention was 

given to the identified components of the Hippo signaling pathway.  YAP and TAZ are essential for

mechanotransduction in response to extracellular matrix stiffness (Dupont et al., 2011).  Targets of 

the transcriptional co-activators include the connective tissue growth factor CTGF, integrin ß2 and 

filamin, the expression of which is induced upon YAP/TAZ activation.  On the other hand, activa-

tion can be blocked by retaining YAP/TAZ in the cytoplasm, either through binding to AMOTL1/2 

or by an interaction with 14-3-3 proteins following LATS1/2-mediated phosphorylation of 

YAP/TAZ (see cartoons in Ulbrich et al. 2013 and literature cited therein).  Indeed, LATS1 and 
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AMOTL1 were found to co-precipitate with BAG3 (Fig. 3F), and to be essential for full YAP/TAZ 

activation in adherent cells (see Fig. 4 in Ulbricht et al. (2013)), in agreement with a role of the 

CASA-inducing co-chaperone in transcription regulation.  

To better define the crosstalk between CASA and YAP/TAZ regulation a previously established 

assay for YAP/TAZ activation under mechanical tension was adopted (Dupont et al., 2011).  In this 

assay the actin cytoskeleton is subjected to different levels of tension by plating smooth muscle 

cells on fibronectin-coated elastomer substrates with varying stiffness, i.e. 1 kPa versus 100 kPa.  

Remarkably, high tension triggered a 3-fold increase in autophagosome number and induced LC3 

lipidation, leading to increased LC3-II levels (Fig. 3G to I).  Autophagy induction was accompanied

by an elevation of BAG3 expression (Fig. 3I).  The data identifies CASA as a tension-induced au-

tophagy pathway and  reveals a dual function of BAG3.  The co-chaperone regulates degradation 

and transcription and thus emerges as a key proteostasis factor in mechanically strained cells.

Golabi-Ito-Hall Syndrome (GIHS)

To assess the effect of the Y65C mutation within the WW domain of PQBP1 on the binding func-

tion of the domain, the repertoire of PPXY motif containing 12-mer peptides that represent the en-

tire human proteome was screened.  In addition, 59 proline-rich peptides that did not contain the 

PPXY motif but scored positively in the proteomic map of the WW domain completed by the Ax-

Cell company (Hu et al., 2004) were included.  The total of 1,958 peptides were synthesized on cel-

lulose membranes using the Spot technique and probed with radioactively labeled GST-PQBP1- 

WW wt or GST-PQBP1WW Y65C mutant.  No dramatic differences in the recorded pattern of 

spots associated to binding of the wt versus the Y65C WW domain were detected, although it can 

be observed that the majority of peptide probes bound more strongly to the wt domain than to the 

mutant WW domain (Fig. 4A).  Using densitometric scanning, the relative intensity of the signal for

each peptide spot was measured and the observed trend was confirmed by a correlation of the Y65C

to the wt dataset of r²=0.80 (similar profile) and an inclination of the correlation line of m=0.70 

(weaker intesities measured for the Y65C dataset, Fig. 4B).  

Measurements were ranked and the k most reactive spots across both datasets were selected.  

This approach identified a number R(k) of reactive probes, defined as having at least one reactive 

spot across both datasets.  Then, to determine the mutation effect upon binding, reactive probes 

were grouped into a lost-of-function (LOF), a conserved (cons.), and a gain-of-function (GOF) 

group depending on which dataset they were reactive.  LOF, cons., and GOF scores were counted 

and normalized to the number of probes represented in the complete library.  Fig. 4C shows that 
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such scores were dependent on R(k).  Nevertheless, for all values of R(k) GOF score ratios were no 

greater than 10% and LOF score ratios varied from 70 to 30%.  Variations in GOF were compen-

sated mostly by the cons. score ratio.  This shows that, for any value of R(k), gain-of-function is the

preponderant Y65C mutation effect upon WW-mediated linear motif recognition.  For R(k=500), 

LOF and GOF scored at ratios of about 45 and 5%, respectively.  

WW domains have been grouped in classes based on partial sequence similarity and binding 

specificity (e.g. (Hu et al., 2004) and  (Otte et al., 2003)).  Later factor, concerns mostly the X posi-

tion in the PPXY motif.  Owing the relevance of this position, the distribution of LOF and GOF 

scores in each PPXY-class was analyzed, identifying PPPY, PPRY, and PPHY as the most often 

and most strongly recognized peptide core motifs (Fig. 4D, grey line).  At R(k=500), GOF scored at

ratios of 100, 40, and 40% of recognized probes, respectively (Fig. 4D, straight line), while LOF 

scored always less than 5% (Fig. 4D, dotted line).  It is thus evident that GOF preponderance is 

maintained across PPX-classes, although this may vary greatly especially for less strongly recog-

nized peptide core motifs.  Intriguingly,  comparing the sequence specificity of the 25 most pro-

nounced LOF probes (Fig. 4E) and the 25 most pronounced GOF probes (Fig. 4F) shows that pro-

line fails to be represented in positions flanking the core motif, indicating a promiscuitive ligand 

recognition associated with the Y65C-mutant WW domain.  

The above statements about PPXY-class specificity and the fact that the WW domain of PQBP1 

recognizes diverse proline-rich motifs without aromatic residues suggests a versatile specificity pro-

file of linear motif recognition.  Therefore, the WW domain of PQBP1 belongs to those domains 

that show mixed ligand predilections and may be classified as Class I, II, and III WW domains.  Al-

ternatively, the PQBP1 WW specificity profile defies orthodox readouts of the classification para-

digm.  

The above observation was reproduced on a smaller set of selected probes using synthetic con-

structs of both versions of PQBP1 conjugated directly to TAMRA (see supplements in Tapia et al., 

2010) or indirectly to HRP (Volkmer et al., 2012).  The different detection systems applied in such 

reproduction experiments were systematically controlled for cross-reactive recognition of strictly 

and randomly defined physico-chemical groups of probes (Mahrenholz et al., 2010).  Furthermore, 

taking account  of PQBP1 binding to RNA pol II in phosphorylation-dependent fashion (Okazawa 

et al., 2002), the cellulose-supported peptide synthesis was firstly optimized for effective coupling 

of phosphorylated amino acid derivatives (Tapia et al., 2008),  and then applied to produce a probe 

array containing complete permutations of phosphorylated positions of a canonical version of the 52
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heptapeptide repeats (YSPTSPS) in RBP1 that are essential for polymerase activity (see supple-

ments in Tapia et al., 2010).  Biophysical analysis of binding to selected probes, aggregation at the 

lab of Klaus Gast (University Potsdam), and thermal renaturation at the lab of Sandro Keller (FMP, 

Berlin-Buch) were carried out by the author, and also by co-operation partners in London (see Tapia

et al., 2010, for affiliation details).  

Again here, validation via sagacious molecular biological and cell assays were carried out by co-

operation partners.  For details on credits to respective labs, see the section for methods and affilia-

tions in Tapia et al. (2010).  Firstly, beyond the fact that PIDs are autonomous structural and func-

tional elements of protein architecture, the protein context in which they are immersed may have an 

important allosteric role.  To test if a LOF-effect of the Y65C PQBP1 mutation holds true in a com-

parison of full length proteins, PQBP1 variants were transiently co-expressed with WBP11 in HEK 

293T cells (Fig. 5A).  Clearly, co-immunoprecipitation of EGFP-WBP11 was observed upon co-ex-

pression with HA-PQBP1, but not with the respective Y65C PQBP1 mutant fusion construct.  Like-

wise, an interaction between endogenous PQBP1 and WBP11 could not be detected by co-immuno-

precipitation analysis in a lymphoblast cell line from a patient with GIHS, but could be readily visu-

alized in lymphoblasts from a healthy person, matched for age, gender and race (Fig. 5B).  

Following the rationale of PQBP1 binding to the splicing factor WBP11, a dual reporter assay 

(Nasim and Eperon, 2006) was applied to provide a functional read-out of pre-mRNA splicing in 

GIHS cells.  A TN24 reporter plasmid contains sequences encoding β-galactosidase as well as lu-

ciferase that are separated by an intronic sequence with multiple stop codons (Fig. 5C).  When the 

primary transcript is not spliced, it generates β-galactosidase, whereas a fusion of β-galactosidase 

and luciferase is generated only after splicing.  Thus, the luciferase/β-galactosidase ratio reflects the

splicing efficiency.  The transcript levels of the TN24 reporter were controlled by reversed tran-

scription-PCR (RT-PCR) in lymphoblast cells from control and GIHS patients, as well as from con-

trol persons with small interfering RNA-mediated knocked-down PQBP1 (Fig. 5D).  While similar 

pre-mRNA levels are observed across samples, GIHS samples reveal lower mRNA levels even re-

sembling siPQBP1 samples (Fig. 5D and E).  The siRNA-mediated knock-down of PQBP1 in the 

control lymphoblasts was verified by immunoblotting (Fig. 5F), showing the extent of compro-

mised PQBP1 expression.  On the dual reporter assay (Fig. 5G), GIHS lymphoblasts showed a more

than 80% decay in splicing efficiency, as compared with the control cells, and resembled the effect 

of control cells with knocked-down PQBP1.
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DISCUSSION 

The inherent specificity of three WW domains was described as the probability to bind a set of pep-

tide probes, which is designed to represent the human proteomic repertoire of PPXY motifs.  The 

reliability of exploring analyte binding potential through such extensive sets of probes, has been de-

termined (Weiser et al., 2005).  Taking account of the semi-quantitative nature of data harvested 

from these experiments, it is essential to make one-border decisions with a safe threshold, e.g. 

through the specificity profile approach described in the methods section.  

Moreover, given the sequence diversity of probes, efforts were undertaken to control false-posi-

tive measurements caused by cross-reactivity of the detection systems.  This was specially impor-

tant for the GIHS joint venture, where three basically different detection systems were applied (RIA

with 32P-labelled GST, TAMRA fluorescence, as well as HRP-linked luminol turn-over).  This was

useful to point-out potential false-positive measurements by failing to group in the overlap of the re-

spective datasets.  

Such assessments are not viable for extensive exploratory assays.  For such cases, as the ones 

concerning the present report, an independent control was designed to reveal sequence elements 

with cross-reactive potential to different detection systems (Mahrenholz et al., 2010).  Peptide 

probes were challenged to GGG-fused FITC, TAMRA, and biotin/streptavidin-HRP.  Then, probe 

sequences in Fig. 4A with enrichment of the cross-reactive elements to biotin/streptavidin-HRP 

were excluded from the list of potential ligands.  

The specificity profiles identified short linear motifs from validated natural interactor proteins as 

well as new motifs.  Indeed, while the success of the CASA project relied in the identification of 

new factors and led to original findings (Ulbricht et al., 2013), the success of the GIHS project was 

based in the comparison of the wt and Y65C profiles of PQBP1 WW linear motif recognition with 

further follow-up of the effect with biophysical and molecular-biological validation experiments 

(Tapia et al., 2010) focusing on the well described PQBP1/WBP11 interaction.  

Ulbricht et al. (2013) reports the first involvement of CASA in the homoeostasis of mechanically

stressed structures beyond Z-disks of striated muscle cells.  The novel BAG3 interactor SYNPO2 

was shown to effectively bind the BAG3 WW domain and co-precipitate other factors of the CASA 

machinery (Fig. 3B).  Moreover, its depletion resulted in a decrease of autophagosomes (Fig. 3D 

and E).  The novel PDZ- mediated interaction of SYNPO2 with VPS18 further involves CASA in 

autophagosome formation and client transport to lysosomes.  
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YAP/TAZ activation of filamin expression under mechanical stress was already an established 

fact (Dupont et al., 2011; Wada et al., 2011).  YAP/TAZ can be blocked by WW- recognized inter 

action with AMOTL1/2 and LATS1/2 proteins, thus the identification of the later factors as BAG3 

interactors lead to a postulation of BAG3 as a positive regulator of filamin transcription.  The postu-

late argues that BAG3 sequesters the blocking factors leading to activation of filamin expression via

YAP/TAZ.  Cell-stretch assays showed that tension induces a ca. 2.5-fold in autophagosome counts 

in a manner dependent on BAG3 and SYNPO2.  The observation that filamin transcript levels were 

ca. 3-fold increased under tension, while filamin protein levels maintained, rounds up a plot.  There-

in, BAG3 features a dual role in CASA-mediated transcription regulation and degradation of client 

molecules to maintain cellular structures under mechanical stress.  

On the collaborative project concerning the role of PQBP1 in X-linked intellectual disability (X-

LID), the inherent specificity of the wild-type and the Y65C-mutant PQBP1 WW were directly 

compared (Tapia et al., 2010). The collection of probes used to profile the linear motif recognition 

specificity contained a core repertoire of PPXY motifs and an additional tailor-made collection of 

non-PPXY potential ligands based on the literature. An independent comparison of the specificity 

of both WW versions was also carried out. Therein, the repertoire of probes represented a complete 

and redundant permutation of poS postitions in a sequence consensus of the CTD repeats in the hu-

man RNAPII (YS2PTS5PS-YS2PTS5PS).  

Earlier reported interactions with phosphorylated CTD from RNAPII (Okazawa et al., 2002) and 

with SIPP1, a splicing factor interacting with Ser/Thr phosphatase-1 (PP1) protein (Llorian et al., 

2005), were confirmed.  Moreover, a comparison of wt and Y65C-mutant PQBP1 WW specificity 

profiles shows that the mutation, known to be associated with GIHS (Lubs et al., 2006), compro-

mises the recognition of SIPP1.  This effect was accordingly observed in cell extracts from HEK98 

and lymphoblasts isolated from a GIHS patient (Figure 5A and B).  Biophysical analysis of the mu-

tation effect additionally showed a compromised thermal stability of the WW structure and reduced 

binding to SIPP1.  

The consequences of the compromised PQBP1/SIPP1 complex was a significant reduction of 

pre-mRNA splicing, as shown in lymphoblasts derived from a GIHS patient.  The decreased splic-

ing efficiency was similar to that seen after small interfering RNA-mediated knockdown of PQBP1,

indicating that PQBP1-Y65C is inactive in intact cells (Figure 5C-G).  
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Moreover, Tapia et al. (2010) shows that the known WW-mediation of binding to RNAPII 

(Okazawa et al., 2002) depends on hyperphosphorylation of RNAPII's CTD.  In the cell this is done

by the pTEFb kinase complex, which thus imprints a post-translational marker for elongating 

RNAPII, known to recruit splicing factors (Batsché et al., 2006; Phatnani and Greenleaf, 2006).  

The orchestrating role of RNAPII in the cross-talk between transcription and splicing is well de-

scribed (Bird et al., 2004; David and Manley, 2011; Neugebauer, 2002).  

These findings provide additional empirical support for a role of PQBP1 in pre-mRNA splicing.  

Alternative splicing is particularly important in the brain, and a switch in alternative splicing pat-

terns of primary transcripts encoding neuron-specific proteins is known to accompany neuronal dif-

ferentiation (Fairbrother and Lipscombe, 2008; Lipscombe et al., 2013).  Changes in alternative 

splice choices could, therefore, represent an important factor in the etiology of GIHS.  More details 

in the involvement of PQBP1 and alternative splicing in neurodegeneration could be achieved upon 

identification of primary transcripts targeted by PQBP1-assisted alternative splicing (Wang et al., 

2013).  

The diverse lesions in PQBP1 may lead to similar intelectual and morphological symptomes.  

Besides the Y65C point-mutation, all other X-LID associated PQBP1 mutation produce truncated 

proteins, which lack a C-terminal intrinsically unstructured domain known to bind the spliceosome 

assembling factor U5-15kDa.  Such facts suggest that the WW domain of PQBP1 is sufficient to 

cause X-LID but not exclusively necessary as causative agent.  It is posible that PQBP1 is firstly re-

cruited by elongating RNAPII, then co-localizes to the assembling spliceosome through its C-termi-

nal domain and, driven either by affinity or effective specificity, dynamic WW-mediated recogni-

tion may switch to SIPP1 binding to help activate the catalytic steps of pre-mRNA splicing.  Alter-

natively, the role of RNAPII recognition may be secondary to the recognition of SIPP1, which has 

been shown to be shuttled to the nucleous independently from its own predicted nuclear localization

signals, most possibly by PQBP1 (Llorian et al., 2005).  Thus, under this model, PQBP1 functions 

as a scaffold between spliceosome assembly (C-terminal domain-mediated) and catalytic activity 

(WW-domain mediated).  

This idea is apparently in paradox with the fact, that studies of PQBP1 involvement in intellec-

tual disabilities using animal models show that Mus musculus and Drosophila melanogaster with 

knocked-down PQBP1 may be rescued from developing symptoms analogous to X-LID syndromes 

by applying HDAC inhibiting drugs (Ito et al., 2009; Tamura et al., 2010).  Recent hypotheses of a 

cross-talk between chromatin remodelling and alternative splicing (Allemand et al., 2008) may shed
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some light on these findings.  In the later citation, the authors are “tempted to speculate that the 

splicing machinery relies on chromatin regulators which are able to read the ‘histone code’ to locate

and access pre-mRNAs awaiting splicing”.  If they are given truth, the apparent paradox would turn 

to a further evidence.  

Less conflictive are reports of PQBP1 transcription regulating activity through recognition of 

poly-Q expanded tracts in the transcription factors Brn-2 (Waragai et al., 1999) and ataxin-1 

(Okazawa et al., 2002; Okuda et al., 2003).  Indeed, SFs and TFs show common elements in their 

interaction networks and are oft erroneously categorized (Brès et al., 2005; Expert-Bezançon et al., 

2002; Hastings et al., 2007).  Poly-Q expanded ataxin-1 was shown to increases the affinity of the 

PQBP1-WW for the phosphorylated and active form of the RNAPII-CTD, leading to its dephospho-

rylation (Okazawa et al., 2002).  Desphosphorylation on S2 and diffident reappearance of S5 phos-

phorylation on the CTD of eleongating RNAPII is known to slow down elongation rates and favor 

the recognition of weaker consensus sequences for splicing factor (de la Mata et al., 2003).  Such 

situation favors the usage of alternative splicing patterns and the outcome of splicing variated gene 

products. 

Thus, the empirical support for the involvement of PQBP1 in X-LID via alternative RNA splic-

ing is found to fit and complement diverse empirical findings and theoretical postulates indepen-

dently reported by different research laboratories.  
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Figure 1 |  Introductory illustrations.  [A] Simplistic model of cellular signal transduction through a lin-

ear-chain of inherently specific binding events.  Spots corresponding to the PPXY motifs carried by the 

SYNPO2, LATS1 and AMOTL2 proteins are marked with a red circle.  [B] Specificity-free model of sig-

nalling through a network of various competing interactions orchestrated by factors globally affecting bind-

ing equillibria.  From Mayer (2001).  [C] State of the art in knowledge about CASA.  [D] The single struc-

tured region of PQBP1 contains a WW domain.  The c.A194G gene muattion translates in the Y65C single 

point mutation associated with the GIHS.  [E] Six other gene mutations are shown, which cause truncation 

of the PQBP1 protein.  All these truncated proteins lack the C2 domain, a domain known to bind splicing 

factors.  Additionally, all these mutations, except for the c.641insC mutation in the Renpenning syndrome 

family, would give rise to a PQBP1 protein lacking or containing a disrupted nuclear localization signal 

(NLS) domain.  
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Figure 2 |  BAG3 WW specificity profile.  [A] Image record of probe reactivity.  [B] Seven probes of interes.

UniProt entry names, sequence positions, sequence, coordinates in panel A, and reactivity rank numbers are

given.  [C] Histogram of PPXY-class reactivities.  Hits rate were calculated by counting reactive probes in 

each class and dividing by the number of probes in the class (blue bars).  Representativity was calculated by

dividing the number of probes in the class by the total number of probes in the assay (red bars).  [D] Se-

quence Logo showing the scores of the position-weighted matrix for each amino acid in bits.  [E] Position 7 

in panel F is shown in more detail.  [F] 72 of the 100 most reactive probes were succesfully blasted in Uni-

Prot.  Gene ontologies and peer-reviewed literature was used to analyse the enrichment of biological pro-

cesses.
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Figure 3 |  BAG3 in CASA.  The BAG3 interactor SYNPO2 is recruited to CASA and is required for auto-

phagosome formation (panels A-E). Concurrently, BAG3 coordinates CASA and YAP/TAZ regulation under 

mechanical tension (panels F-I). [ A ] Schematic presentation of SYNPO2 isoforms expressed in human 

cells.  [ B ] Immuno-precipitation (IP) of SYNPO2 isoforms from A7r5 smooth muscle cells. Ex. - 60 µg of 

protein.  [ C ] Smooth muscle cells were transfected with a plasmid encoding mCherry-eGFP-LC3B and 

with control, synpo2 or bag3 targeting siRNA for 72 h as indicated (-, siSYNPO2, siBAG3). (60 µg of pro-

tein per lane).  [ D ] Autophagosome (AV, yellow signal in the merge) and autolysosome (AL, red signal in 

the merge) formation was monitored in adherent A7r5 cells expressing mCherry-eGFP-LC3B. When indic-

ated SYNPO2 or BAG3 were depleted with corresponding siRNAS for 72 h prior to fixation. Scale bars: 20 

µm.  [ E ] Quantification of data obtained under panel A: Mean +/- SEM, n=3, and **P<0.01.  [ F ] Im-

muno-precipitation (IP) of endogenous BAG3 from A7r5 rat smooth muscle cells reveals association with 

LATS1 and AMOTL1. Ex. - 60 µg of protein.  [ G ] Fibronectin-coated elastomer substrates of different stiff-

ness, i.e. 1 kPa versus 100 kPa, were used to induce different amounts of tension in adherent A7r5 smooth 

muscle cells.  Autophagy was monitored after transfection with fluorescently labeled LC3B and grown under

low and high tension for 16 h. Scale bars: 20 µm.  [ H ] Quantification of data obtained under panel G: 

Mean +/- SEM, n=3, and *P<0.05.  [ I ] Immuno-blot analysis of A7r5 cells grown under the same condi-

tions as described under panel G.
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Figure 4 |  Mutation effect on the PQBP1 specificity profile.  [A] Direct comparison of the RIA films used to 

quantify analyte capturing of wild-type (left panel) and Y65C (right panel) PQBP1 WW to an equal set of 

probes.  [B] Scatterplot of SI measurements with linear correlation analysis.  The coefficient of determina-

tion was 0.80, showing the similarity of the Y65C specificity profile to the wild-type.  Generally, an inclina-

tion of 0.70 of the regression line shows a weaker Y65C binding profile.  Thresholds of SI used to define re-

active probes and the mutation effect are also shown.  SI thresholds are dependent on the number k of react-

ive events across both datasets.  [C] The dependence of GOF and LOF scores on R is shown.  The number R

of reactive probes is defined as the set of probes with at least one reactive event across both datasets.  

Counts of R with unique binding event in the Y65C dataset are added to the gain-of-function score (GOF) 

and, similarly, R counts with unique wild-type reactivity are added to the loss-of-function score (LOF).  [D] 

LOF and GOF scores of R(k=500) were counted for each PPXY motif class, normalized (a value of 1 means 

all counts in the class belong to the same score), and arranged on the plot according to descending relative 

signal intesity.  [E] Sequence specificity of LOF probes by means of grafical logos.  [F] Sequence specificity

of GOF probes.  Panels B, C, and D show that the mutation effect on probe recognition is most often ob-

served as loss-of-function and rarely as gain-of-function.  Panels E and F show that gain-of-function is 

based on recognition of non-cannonical motifs.  The importance of proline in the context of the core motif is 

not observed in panel F.  Additionally, positions 5, 6, and 8 in panel F depart from the maximal value of 

log2(20) idicating promiscuitive PPXY recognition.  Less than 3% of total probes contained a non-cannon-

ical PPXY motif, and yet they were often recognized by the Y65C WW domain.  
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Figure 5 |  Y65C PQBP1 in GIHS.  PQBP1-Y65C shows a deficient interaction with WBP11 (panels A and 

B).  In GIHS cells, splicing is impaired in a manner resembeling PQBP1-knocked-down cells (panels C-G).  

[ A ] EGFP-WBP11 was transiently expressed in HEK293T cells with either HA-PQBP1 or HA-PQBP1-

Y65C.  Subsequently, the lysate (Lys), anti-HA immunoprecipitates (IP) and control immunoprecipitates 

(Ctr) were used for immunoblotting with anti-WBP11 antibodies (anti-WBP11).  [ B ] Immunoblots show 

that PQBP1 in but not PQBP1-Y65C co-immunoprecipitates with WBP11 from control- and GIHS pa-

tient-derived lymphoblast cell lysates, respectively.  [ C ] Structure of the TN24 reporter construct. The β-

galactosidase and luciferase reporter genes are fused in-frame but separated by an intronic sequence de-

rived from the adenovirus (Ad) and the skeletal muscle isoform of human tropomyosin (SK). The intron con-

tains three in-frame translation stop signals (indicated by three arrowheads). In the absence of splicing, β-

galactosidase is generated. Splicing generates an active fusion of β-galactosidase and luciferase.  [ D ] pre-

mRNA and mRNA levels of the TN24 reporter plasmid in a representative experiment, as visualized after RT-

PCR and electrophoresis on 2.5% agarose gels.  [ E ] Relative transcript levels of the TN24 reporter plas-

mid, quantified by quantitative real-time-PCR. ACTIN was used as a normalization control for quantitative 

real-time-PCR. The data represent the means ± S.E. (n = 3).  [ F ] Level of PQBP1 in cell lysates from 

healthy lymphoblasts before and after siRNA-mediated knockdown of PQBP1, as verified by immunoblot-

ting. Tubulin was used as a loading control. [ G ] lymphoblasts from a healthy person before (control) or af-

ter knockdown of PQBP1 (siPQBP1) or from a GIHS patient (GIHS) were transiently transfected with the 

reporter plasmid TN24. The splicing efficiency of this reporter was assessed using the luciferase/β-galac-

tosidase ratio. The data represent the means ± S.E. (n = 3) and are expressed as a percentage of the values 

obtained in control cells.
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