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ABSTRACT

Analysis of membrane protein interactions is difficult due to the hydrophobic

nature of these proteins, which often renders conventional biochemical and genetic

assays fruitless. This is a substantial problem since proteins that are integral or

associated with membranes represent approximately one third of all proteins in a

typical eukaryotic cell. We have shown previously that the modified split-ubiquitin

system can be used as a genetic assay for the in vivo detection of interactions between

the two characterized yeast transmembrane proteins Ost1p and Wbp1p. This so-called

split-ubiquitin membrane yeast two-hybrid system uses the split-ubiquitin approach

where reconstitution of two ubiquitin halves is mediated by a protein-protein

interaction. Here we converted the split-ubiquitin membrane yeast two-hybrid system

into a generally applicable in vivo screening approach to identify interacting partners

of a particular mammalian transmembrane protein. We have demonstrated the

effectiveness of this approach using the mammalian ErbB3 receptor as a bait, and

have identified three previously unknown ErbB3-interacting proteins. In addition, we

have confirmed one of the newly found interactions between ErbB3 and the

membrane-associated RGS4 protein by co-immunoprecipitating the two proteins from

human cells. We expect the split-ubiquitin membrane yeast two-hybrid technology to

be valuable for the identification of potential interacting partners of integral

membrane proteins from many model organisms.
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INTRODUCTION

The recent advances in analyses of completely sequenced genomes of

numerous model organisms, and also the human genome, have revealed that

approximately one third of all predicted gene products of a given organism are likely

to be associated with membranes (Auerbach et al. 2002b). These proteins execute a

variety of essential cellular tasks which include cell signaling, transport of membrane-

impermeable molecules, and cell adhesion.

The central position of membrane proteins in mediating signaling across the

membrane makes them one of the most important pharmacological targets today.

Receptor tyrosine kinases, such as the epidermal growth factor (EGF) family (also

known as the ErbB receptor family (Riese and Stern, 1998)), mediate signals

influencing essential cellular responses such as differentiation, proliferation and

survival. Currently, there are four members of the ErbB family: ErbB1 (also termed

EGFR or HER1); ErbB2 (also termed HER2 or Neu); ErbB3 (also termed HER3); and

ErbB4 (also termed HER4). The importance of ErbB receptors, in particular ErbB1,

ErbB2 and ErbB3, in the development and malignancy of human cancer, has been

amply demonstrated (Olayioye et al. 2000).

Interactions among proteins are essential for proper cellular functioning. By

associating an uncharacterized protein with other proteins of known function,

deductions about its potential role in the cell can often be made (von Mering et al.

2002). Traditionally, biochemical methods such as co-immunoprecipitation, cross-

linking, and co-purification by chromatography have been used to investigate the

composition of protein complexes. However, these biochemical methods require
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harsh treatments for cell disruption and therefore may not preserve weak and/or

transient interactions.

To address technical difficulties associated with the biochemical

characterization of physical protein-protein interactions, alternative genetic methods

have been developed. The most powerful genetic method for the study of protein-

protein interactions is the yeast two-hybrid (YTH) system, which is based on

reconstitution of a functional transcription factor through a defined protein-protein

interaction (Fields and Song, 1989). Since its description, various modifications of the

YTH system have been described, which include the SOS-recruitment system

(Aronheim et al. 1994), Ras-recruitment system (RRS) (Broder et al. 1998), reverse

RRS (Hubsman et al. 2001), split-ubiquitin assay (Johnsson and Varshavsky, 1994),

and a G protein fusion method (Ehrhard et al. 2000).

In spite of significant progress in development of the YTH system, the

analysis of interactions between membrane proteins remained a significant challenge

due to the hydrophobic nature of these proteins (Auerbach et al. 2002a; Stagljar and

Fields, 2002). In addition, integral and membrane-associated proteins often undergo

post-translational modifications or oligomerize via interactions between their

transmembrane domains, all of which are unfavorable for a traditional YTH assay.

Consistent with the problems presented above, two independently performed genome-

wide YTH screens have shown that the coverage of membrane protein interactions is

poor (Ito et al. 2001; Uetz et al. 2000).

We have shown previously that the modified split-ubiquitin system can be

used as a genetic assay for the in vivo detection of interactions between two essential

subunits of the yeast oligosaccharyl transferase membrane protein complex, Ost1p

and Wbp1p (Stagljar et al. 1998; Stagljar and te Heesen, 2000). This so called split-

ubiquitin membrane yeast two-hybrid system takes advantage of the split-ubiquitin
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approach first described by Johnsson and Varshavsky (Johnsson and Varshavsky,

1994). It is based on the ability of the N- and C-terminal halves of ubiquitin, Nub and

Cub, to reassemble into a quasi-native ubiquitin (split-ubiquitin). Ubiquitin-specific

proteases (UBPs), present in the cytosol and nucleus of all eukaryotic cells, recognize

such reconstituted ubiquitin but not its halves and cleave off a reporter protein that is

linked to the C-terminus of Cub. The assay is designed in a way that the association of

Nub and Cub is only efficient if the ubiquitin halves are linked to two proteins that

interact in vivo. In the split-ubiquitin membrane yeast two-hybrid system, one protein

of interest, the bait X, is fused to the Cub domain followed by an artificial

transcription factor (TF), and the other, the prey Y, is fused to NubG (Fig. 1). To

detect a potential interaction between these two proteins X and Y, the two plasmids

are introduced into the yeast reporter strain. Interaction of both proteins results in the

assembly of split-ubiquitin and the proteolytic release of TF by UBPs, allowing TF to

enter the nucleus leading to the activation of the yeast reporter genes (Stagljar et al.

1998; Thaminy and Stagljar, 2002). The split-ubiquitin membrane yeast two-hybrid

technology has also been used to study the interaction between the yeast α 1,2-

mannosidase Mns1p and Rer1p in the ER (Massaad and Herscovics, 2001), to

investigate the influence of mutations on the assembly of fragments of presenilin

(Cervantes et al. 2001), and with plant proteins to study intra- and intermolecular

interactions between sucrose transporters (Reinders et al. 2002) as well as between

TOM2A and TOM1 transmembrane proteins (Tsujimoto et al. 2003).

In this study, we have generated a new set of reagents for the expression of

heterologous proteins in the split-ubiquitin membrane yeast two-hybrid system, and

converted the system into a generally applicable in vivo screening approach for

identification of interacting partners of a particular mammalian transmembrane

protein. We have demonstrated the effectiveness of this approach using the
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mammalian ErbB3 receptor as a bait, and have identified three previously unknown

ErbB3-interacting proteins. We expect the split-ubiquitin membrane yeast two-hybrid

technology to be valuable for the identification of interacting partners of many

integral membrane proteins from any model organism, and it may also prove useful

for drug discovery purposes.
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RESULTS

New bait and prey vectors for the split-ubiquitin membrane yeast two-hybrid

system

Our central goal was to use the split-ubiquitin membrane yeast two-hybrid

technology to identify proteins that interact with a given mammalian membrane target

protein. To this end, we have constructed a new set of bait and prey vectors that allow

the constitutive expression of heterologous membrane proteins in yeast (Fig. 2). The

bait vector pCYC-BAIT-Cub-TF is a centromeric vector containing a CEN/ARS

origin of replication, a Cytochrome-C oxidase (CYC1) promoter, which provides low-

level expression of the bait fusion protein, a multicloning site (MCS), the C-terminal

(Cub) domain of yeast ubiquitin fused in frame to an artifical transcription factor

consisting of Staphylococcus aureus Protein A, Escherichia coli LexA and the Herpes

simplex virus transactivator VP16 (collectively called TF), as well as the LEU2 gene

for selection in yeast (Fig. 2A). The prey vector pADH-PREY-2HA-NubG carries a 2

micron origin of replication, the ADH1 promoter, a MCS followed by two

hemagglutinin (HA) epitope tags fused in frame to the mutated N-terminal (NubG)

domain of yeast ubiquitin, the ADH terminator, and the TRP1 gene for selection in

yeast (Fig. 2B). Both pCYC-BAIT-Cub-TF and pADH-PREY-2HA-NubG vectors are

suitable for the expression of Type I transmembrane protein in the split-ubiquitin

membrane yeast two-hybrid system. We have also generated novel bait (pCYC-TF-

Cub-BAIT) and prey (pADH-NubG-HA-PREY) vectors for the analysis of Type II

transmembrane proteins. The construction and application of these vectors in the split-
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ubiquitin membrane yeast two-hybrid system will be described elsewhere (S.T. and

I.S., unpublished data).

Expression of ErbB3 bait within the yeast membrane

Mammalian ErbB3 protein was the first heterologous bait to be tested in the

split-ubiquitin membrane yeast two-hybrid system since it has an important function

in cell signaling and is an interesting drug target (de Bono and Rowinsky, 2002;

Olayioye et al., 2000). To generate an ErbB3 bait, the full-length rat ErbB3 protein

(aa 1-1339) was fused N-terminally to Cub-TF thus generating ErbB3-Cub-TF (Fig.

3A). We then examined whether co-expression of ErbB3-Cub-TF with either an

empty prey vector or a non-interacting yeast membrane protein Ost1p (Stagljar et al.

1998) fused to the NubI or NubG domains would activate the yeast gene reporter

system. Expression of ErbB3-Cub-TF with a non-interacting Ost1-NubG and empty

prey vector resulted in HIS-/lacZ- cells, indicating that the ErbB3-Cub-TF bait is not

self-activating (Fig. 3B). In contrast, co-expression of ErbB3-Cub-TF and a control

plasmid pADH-Ost1-2HA-NubI containing the wild-type Nub sequence (NubI)

resulted in the split-ubiquitin formation and activation of the yeast reporter system.

This occurs due to the fact that any NubI protein fusion associates with Cub

independent of additional protein-protein interactions (Johnsson and Varshavsky,

1994; Stagljar et al. 1998).

To demonstrate that the bait is targeted to the yeast membrane, ErbB3-Cub-TF

was expressed in the L40 yeast reporter strain. Subsequently, yeast cells were lysed,

then centrifuged to resolve the membrane and cytosolic fractions, and separated by

SDS-PAGE. A protein of approximately 200 kDa corresponding to ErbB3-Cub-TF

fusion was detected within the membrane fraction (Fig. 3C, lane 2, upper panel) but
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not in the cytosolic fraction (Fig. 3C, lane 1, upper panel). To control our

fractionation experiment, we examined the distribution of an endogenous yeast ER

membrane protein Sec61p. Similar to the ErbB3-Cub-TF bait, Sec61p was found

exclusively within the membrane fraction (Fig. 3C, lane 2, lower panel) and not in

the cytosolic fraction (Fig. 3C, lane 1, lower panel). We then treated the membrane

fraction (containing the insoluble proteins) with the detergent TritonX-100, and

centrifuged the extract to separate soluble and insoluble fractions. After detergent

treatment both the ErbB3-Cub-TF bait and Sec61p were only detected within the

soluble fraction (Fig. 3C, lane 3, upper and lower panels) and not within the

insoluble fraction (Fig. 3C, lanes 4, upper and lower panels). In conclusion, these

biochemical experiments indicate that the ErbB3-Cub-TF bait is expressed and

correctly localized within the yeast membrane.

Screening of a human brain cDNA library fused to NubG

To identify novel ErbB3 interacting partners, a human brain cDNA library was

constructed. The cDNAs were inserted N-terminally to two HA tags followed by the

NubG sequence thus generating the library in Y-NubG orientation (where Y is an

insert cDNA). This human brain cDNA library was transformed into the L40 yeast

reporter strain (Vojtek et al. 1993) that expressed ErbB3-Cub-TF as a bait. From

1.5x107 transformants, 170 clones displayed histidine prototrophy and ß-galactosidase

activity. The library plasmids from these HIS3+/lacZ+ colonies were recovered and

transformed into E. coli for amplification. They were then reintroduced into L40

expressing either the ErbB3-Cub-TF bait or a control bait consisting of the yeast

oligosaccharyl transferase subunit Wbp1 fused to Cub-TF (Stagljar et al. 1998). One

hundred and forty-five independent clones failed to display a HIS3+/lacZ+ phenotype
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with either the ErbB3-Cub-TF bait or the Wbp1-Cub-TF control bait. These clones

represent false positives that most probably arise from several distinct mechanisms

during the initial growth selection process. Such false positives have also been

observed in other genetic systems such as the traditional YTH system (Serebriiskii et

al. 2000). Possible reasons for the occurrence of this class of false positives in our

screen are given in the discussion section. Twenty of the 170 independent clones

interacted with both the ErbB3-Cub-TF and Wbp1-Cub-TF control bait. These

plasmids encode a class of false positives that apparently bind to the TF portion of the

bait proteins. Importantly, five of the 170 independent clones interacted specifically

with the ErbB3-Cub-TF but not with the Wbp1-Cub-TF control bait (Table 1). Two

cDNAs encoded RGS4, a member of a protein family termed Regulators of G-protein

Signaling (RGS) that act as negative regulators within G protein pathways (Hollinger

and Hepler, 2002). RGS4 was shown to exist as a membrane-bound protein (Srinivasa

et al. 1998), but it was also found in the cytosol of human neuronal NG108 cells

(Druey et al. 1998). Recently, it was reported that RGS16, another member of the

RGS family, interacts with the epidermal growth factor (EGFR) receptor (Derrien and

Druey, 2001), a member of the ErbB family. Two additional clones encoded the

hypothetical zinc finger protein ZNF207. So far, the function and localization of

ZNF207 in human cells remain elusive (Pahl et al. 1998). The last clone identified

encoded Egr-1 (Early Growth Response protein-1). Egr-1 is a zinc-finger transcription

factor that can be localized both to the nucleus and cytosol of human cells (Matheny

et al. 1994). Many biological functions have been attributed to Egr-1, which include

neurite outgrowth, wound repair, growth control and apoptosis (Beckmann and Wilce,

1997). Furthermore, recent studies have shown that Egr-1 is a regulator of the

platelet-derived growth factor receptor (PDGFR) (Khachigian et al. 1995) and EGF

receptor signaling pathways (Amorino et al. 2002).
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ErbB3 and RGS4 form a complex in human cells

Given the fact that ErbB3 interacts with the membrane-associated RGS4 protein

in the split-ubiquitin membrane yeast two-hybrid system, we wanted to test if ErbB3

forms a complex with RGS4 in vivo. To this end, ErbB3 and RGS4 were transiently

overexpressed in HEK293T cells and co-immunoprecipitation experiments were

performed (Fig. 4). ErbB3 was immunoprecipitated with RGS4 using the anti-RGS4

antibody (lower panel, lanes 4 and 5), but not with the control IgG antibody (lower

panel, lanes 2 and 3). Moreover, the interaction between ErbB3 and RGS4 was not

affected by increasing the salt concentration from 100 mM to 150 mM (lower panel,

lanes 4 and 5). We conclude from the split-ubiquitin membrane yeast two-hybrid

system and co-immunoprecipitation assays that ErbB3 interacts with RGS4 both in

yeast and human cells.

Mapping of the ErbB3 interaction region within RGS4

To investigate which region of RGS4 is required for binding to ErbB3, several

RGS4 truncations were generated and tested for their ability to interact with ErbB3-

Cub-TF in the split-ubiquitin membrane yeast two-hybrid assay (Fig. 5A). Binding to

the ErbB3-Cub-TF bait was assessed using a quantitative β-galactosidase assay (Fig.

5B), and the correct expression and localization of all RGS4 deletion mutants were

confirmed by immunobloting analysis using an anti-HA antibody (Fig. 5C and Fig. 1

supplementary material).

The results of our interaction region mapping experiment indicate that the

RGS4-NubG clone (aa 1-178) identified in the split-ubiquitin membrane yeast two-

hybrid assay, as well as the full-length RGS4-NubG (aa 1-205) strongly interact with
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ErbB3-Cub-TF. Deletion of the N-terminal 33 amino acids of RGS4 (aa 34-205)

known to be necessary for membrane localization of the protein in yeast (Srinivasa et

al. 1998) slightly decreased the binding of RGS4 to ErbB3. Immunoblot analysis of

membrane and cytosolic fractions isolated from yeast cells expressing RGS4-NubG

(aa 34-205) showed that this deletion mutant was localized both in the cytosol and

membrane fractions whereas the full-length RGS4-NubG was exclusively expressed

in the membrane fraction (Fig. 1 supplementary material). The RGS4 core domain

alone (aa 58-178), which is shared by all RGS family members (Srinivasa et al. 1998),

also showed reduced binding to ErbB3 compared to full-length RGS4. However, a

deletion affecting the C-terminal 30 amino acids of the core domain (aa 1-148 and aa

58-148) strongly decreased the interaction with ErbB3. These results indicate that

residues important for the interaction of RGS4-NubG with ErbB3-Cub-TF are located

in the C-terminal region of the RGS box.
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DISCUSSION

In this study, we describe a novel yeast-based screening technology, the split-

ubiquitin membrane yeast two-hybrid system, designed for the study of membrane

protein interactions. We have demonstrated the utility of this technology to detect

three novel proteins associated with the mammalian ErbB3 tyrosine kinase receptor.

In addition, we have confirmed one of the newly found interactions between ErbB3

and membrane-associated RGS4 protein by co-immunoprecipitating the two proteins

from human cells. We have also shown that the split-ubiquitin membrane yeast two-

hybrid technology can be used to map the region of RGS4 that mediates the

interaction with the ErbB3 receptor. However, the functional importance of the

ErbB3/RGS4 and other two interactions identified in our ErbB3 screen still remains to

be determined.

The split-ubiquitin membrane yeast two-hybrid technology has several

advantages over the conventional YTH (Fields and Song, 1989). Unlike the YTH, the

split-ubiquitin membrane yeast two-hybrid is not limited to the analysis of soluble

proteins or sub-domains of membrane proteins; thus, screening with full-length

integral membrane proteins or membrane-associated proteins offers the opportunity to

identify protein-protein interactions as they take place in their natural setting. In

addition, the split-ubiquitin membrane yeast two-hybrid system can be applied to any

transmembrane bait protein as long as the Cub-TF and NubG modules which are

fused to the protein of interest are located in the cytoplasm. Moreover, in the split-

ubiquitin membrane yeast two-hybrid system genomic or cDNA libraries can be
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screened in both orientations (Y-NubG or NubG-Y). In this way, it is possible to

identify both Type I (Y-NubG orientation) and Type II (NubG-Y orientation)

transmembrane proteins that interact with a particular membrane bait protein. To test

the feasibility of this approach, we have recently generated a NubG-Y human brain

cDNA library and screened it for proteins interacting with the human ß-2 adrenergic

receptor, a G-protein coupled receptor (D.A. and I.S., unpublished results). We have

also extended the split-ubiquitin membrane yeast two-hybrid approach to detect novel

protein interactors of the yeast oligosaccharyl transferase subunit Wbp1 by screening

the yeast random genomic NubG-fused libraries (D.A. and I.S., unpublished results).

Like other genetic screening systems, a major drawback of the split-ubiquitin

membrane yeast two-hybrid is a high number of false positives that arise during the

selection process. Several independent factors may account for such a high rate of

false positives in the split-ubiquitin membrane yeast two-hybrid system. Promoter

mutations may activate either the HIS3 or lacZ reporter genes, leading to growth on

selective medium in the absence of a protein-protein interaction. In addition, certain

proteins, when overexpressed in yeast, may unspecifically activate the HIS3 and lacZ

genes (Serebriiskii et al. 2000). Furthermore, interactions between integral membrane

proteins in our system are especially sensitive to protein levels and transiently

increased expression levels, which, for example, may occur due to copy number

variations of the library plasmids, thus producing unspecific interactions (D.A. and

I.S., unpublished results). However, these false positives can be eliminated using a set

of genetic criteria that can be rapidly tested: plasmids encoding putative interactors

are rapidly recovered from yeast and transformed back into the original yeast reporter

strain, together with a plasmid encoding the bait protein-Cub-TF fusion, or with a

plasmid encoding a non-cognate bait protein-Cub-TF fusion. Putative interactors that
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are positive with the original bait, but negative with the non-cognate bait, are

considered as true positives and are selected for further study. Thus, when using

automated procedures that facilitate the recovery of library plasmids from yeast, false

positives from a split-ubiquitin membrane yeast two-hybrid screen can be eliminated

quickly.

Despite the fact that we expressed the full-length ErbB3 receptor in its natural

setting, we did not identify any of the components associated with the ErbB signaling

cascade. ErbB homo- or heterodimerization is induced by binding of extracellular

ligands to their respective receptors, which then leads to phosphorylation of the

cytosolic kinase domains and recruitment of adaptor proteins (Yarden 2001).

However, ErbB3 is an exception since it possesses no intrinsic kinase activity and

consequently, signaling via ErbB3 requires heterodimerization with another ErbB

family member. As all adaptor proteins that have been identified as components of

ErbB signaling cascades so far bind exclusively to activated (e.g. phosphorylated)

receptor tails (Olayioye et al., 2000), this may explain why we did not find those

proteins in our screen.

Nrdp1 (also called FLRF) is a ubiquitin ligase involved in regulation of

steady-state ErbB receptors levels (Diamonti et al. 2002; Qiu et al. 2002). Nrdp1 has

been shown to interact with the non-activated ErbB3 receptor cytoplasmic tail in a

YTH assay (Diamonti et al. 2002). For this reason, we would expect Nrdp1 to bind to

the ErbB3 receptor when expressed in yeast. However, we failed to identify Nrdp1 in

our library screen. The reason for this is presently unclear but may be connected to an

underrepresentation or absence of Nrdp1 in the cDNA library we used.

Like the YTH system, the split-ubiquitin membrane yeast two-hybrid system

is prone to false positives and thus, interactions that have been identified in a screen

should be confirmed in an independent system. Co-immunoprecipitation or pull-down
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assays using recombinantly expressed proteins or protein fragments have traditionally

been used most often to confirm YTH results. However, both assays are problematic

when used with integral membrane proteins. In a first step, it may therefore be

advantageous to directly assess newly found interactions in the split-ubiquitin

membrane yeast two-hybrid system by means of a competition experiment, where

untagged bait is overexpressed together with the original bait-Cub-TF/prey-NubG

combination. The activation of reporter genes is then expected to be abolished by

overexpression of the competing partner. Alternatively, methods that are more

suitable for use with membrane proteins, such as colocalization experiments or

fluorescence resonance energy transfer (FRET), may also be used to confirm an

interaction.

Among alternative yeast-based screening approaches developed for membrane

proteins, the reverse RRS is also capable of detecting interactions involving a

membrane protein as a bait (Hubsman et al. 2001). However, interactions involving

two integral membrane proteins cannot be detected in the RRS system since the use of

a prey membrane protein would activate the system in the absence of any protein-

protein interaction. Recently, another split-ubiquitin-based genetic approach has been

described (Wittke et al. 1999), which utilizes a destabilized version of the yeast Ura3

protein (termed rUra3) as a reporter moiety. The interaction of two proteins fused to

Cub-rUra3 and NubG, respectively, leads to the cleavage of rUra3, followed by its

degradation by enzymes of the N-end rule pathway (Varshavsky 1996). Use of the

counterselectable compound 5-fluororotic acid allows the selection of clones where a

protein-protein interaction has led to the complete degradation of the rUra3 protein. In

the past, the rUra3 based split-ubiquitin assay has been used to analyze changes in

protein conformation and stability of the S. cerevisiae ER membrane protein Sec62

(Dunnwald et al. 1999) and to map the interactions between several S. cerevisiae
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integral membrane proteins (Wittke et al. 1999). Furthermore, this system has recently

been used in a screening format to identify proteins interacting with Gal4p and Tup1p,

two yeast transcription factors (Laser et al. 2000). However, to our knowledge, the

rUra3 based split-ubiquitin assay has not yet been reported to work as a screening

system for membrane proteins.

The successful application of the split-ubiquitin membrane yeast two-hybrid

system as a screening system for membrane proteins, a class of proteins that to date

have been difficult to analyze using conventional biochemical and genetic assays,

represents a step forward in the analysis of physical protein-protein interactions. The

next challenge lies in the adaptation of the split-ubiquitin membrane yeast two-hybrid

technology for pharmacological purposes. Using the reagents described in this study,

it may be possible to design selection systems that identify peptides, single-chain

antibodies or small molecules that specifically inhibit the interaction between two

particular transmembrane proteins. Last but not least, the further development of split-

ubiquitin membrane yeast two-hybrid system, combined with more sophisticated

vectors, libraries and reporter genes, will also enable its adaptation to a high-

throughput format to elucidate interactions between membrane and cytosolic proteins

on a genome-wide scale. Taken together, these studies will undoubtedly broaden our

knowledge of how membrane proteins interact in a cell.
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METHODS

Construction of plasmids

Plasmid sequences and detailed construction schemes of all constructs used in

this paper are available upon request. All plasmids were verified by sequencing, and

the expression of all constructs was checked by Western blot analysis using suitable

antibodies.

pCYC-BAIT-Cub-TF. A DNA fragment encoding the Cub-TF portion was

amplified by PCR from pY-Cub-PLV (Reinders et al. 2002) and cloned in the

multiple cloning site of the HindIII and NaeI digested p415CYC1 vector (Mumberg et

al. 1995).

pCYC-ErbB3-Cub-TF. The cDNA encoding the rat ErbB3 was amplified by

PCR from pBS-ErbB3 (kindly provided by John Koland) and cloned in frame to Cub-

TF portion of the SpeI and HindIII digested pCYC-BAIT-Cub-TF.

pADH-PREY-2HA-NubG. Two oligos, X-HA-NubG-up (5’-

GATCCAGTACCCATACGATGTTCCAGATTACGCTCA-3’) and X-HA-NubG-

low (5’-GATCTGAGCGTAATCTGGAACATCGTATGGGTACTG-3’), were

ligated to each other and inserted into the BamHI site of the pX-NubG vector. To

construct the pX-NubG vector, the DNA sequence encoding the NubG portion was

amplified by PCR from pOST1-NubG (Stagljar et al. 1998) and inserted into the PstI

site of the Gal4-DNA binding-domain-less pAS2-1 vector (BD Biosciences).
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pADH-Ost1-2HA-NubG and pADH-Ost1-2HA-NubI. The entire open

reading frame encoding the Ost1p was amplified directly from yeast genomic DNA

and cloned into the NcoI and BamHI sites of pADH-PREY-2HA-NubG and pADH-

PREY-2HA-NubI respectively, to yield pADH-Ost1-2HA-NubG and pADH-Ost1-

2HA-NubI.

pADH-RGS4-2HA-NubG deletion mutants. These constructs were

generated by PCR amplification of different portions of RGS4, and subsequent

cloning by in vivo recombination in yeast in the Nde I digested pADH-PREY-2HA-

NubG.

Construction of the NubG-fused random human brain cDNA library

The random human brain cDNAs were generated using the SuperScriptII

RNase H-Reverse Transcriptase (INVITROGEN) from 5 µg of total human fetal brain

RNA (AMBION). The primary library was introduced in pADH-PREY-2HA-NubG

vector (Y-NubG orientation, where Y is an insert cDNA) using the Gateway system

and had a complexity of 1x107 clones. The subsequent random analysis of 23 E. coli

colonies showed that the percentage of recombinants is 87% and that the average

insert size is 1.1 kb. Requests for the Y-NubG-fused random human brain cDNA

library should be directed to info@dualsystems.com.

ErbB3 split-ubiquitin membrane yeast two-hybrid screen

200 µg of the human brain cDNA library fused N-terminally to NubG (Y-

NubG orientation) was transformed into the yeast reporter strain L40 (MATa trp1 leu2

his3 LYS2::lexA-HIS3 URA3::lexA-lacZ) expressing ErbB3-Cub-TF bait using the
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lithium acetate protocol. Approximately 1.5x107 TRP+ LEU+ transformants were

selected on SD Leu-Trp-His- medium containing 10 mM 3-aminotriazole (3-AT).

Library plasmids were isolated from 170 initial positive HIS3+/lacZ+ yeast colonies

and rescued into E. coli XL1-Blue according to standard procedures. Isolated library

plasmids were retransformed into L40 expressing either ErbB3-Cub-TF or the yeast

Wbp1-Cub-TF control bait. Three individual colonies of each transformant were

tested for the activation of the lacZ reporter by X-gal filter lift-off assay after

incubation for 5 hr at room temperature. Only the plasmids that activated the HIS3

and lacZ reporters in combination with the ErbB3-Cub-TF bait, but not with the

Wbp1-Cub-TF control bait, were selected for sequencing and further studies.

Protein purification and immunoblotting

Protein extracts and membrane fractionations were performed as described

previously (David et al. 1997). Briefly, cells equivalent to A600=100 were resuspended

in 50 mM Tris-HCl (pH 7.9) supplemented with protease inhibitors (ROCHE

MOLECULAR BIOCHEMICALS) and lysed by vortexing with glass beads

(SIGMA). Unlysed cells were removed by centrifugation at 700 x g . and the

membrane fraction was collected by centrifugation at 150.000 x g. To solubilize the

membrane fraction, the pellet was resuspended in the lysis buffer containing 1%

Triton X-100, followed by centrifugation at 150.000 x g. Rabbit anti-VP16 polyclonal

antibody (1:1000; CLONTECH), mouse anti-HA monoclonal antibody (1:1000;

BABCO), mouse monoclonal anti-ErbB3 antibody (1:5000; NEOMARKERS), and

rabbit polyclonal anti-RGS4 antibody (1:1000; kindly provided by Kirk Druey), rabbit

polyclonal Sec61p antibody and Yrb1p antibody (respectively 1:2000 and 1:5000;

kindly provided by Claude Jakob) were used.
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Immunoprecipitation

The full-length ErbB3 cDNA was amplified by PCR and inserted into the XbaI

and HindIII sites of pcDNA3 (INVITROGEN). HA-tagged full-length human RGS4

in pcDNA3 was kindly provided by Kirk Druey. HEK 293T cells were grown and

transiently transfected as previously described (Derrien and Druey, 2001). Two days

after transfection, cells were washed with PBS and lysed in a buffer containing 100 or

150 mM Nacl, 50 mM Tris pH 7.5, 5 mM EDTA, 1% Nonidet-P-40, 2 mM sodium

vanadate, 1 mM phenylmethylsulfonyl fluoride and a mixture of protease inhibitors

(ROCHE MOLECULAR BIOCHEMICALS). Lysed cells were incubated for 1 hour

at 4 °C and centrifuged at 13,000 x g for 15 min. The supernatant was designated as

cell lysate. RGS4 was immunoprecipitated with 10 µg goat polyclonal anti-RGS4 N-

16 antibody (1:1000; SANTA CRUZ BIOTECHNOLOGY) or control IgG and then

incubated with Protein G sepharose beads (AMERSHAM PHARMACIA

BIOTECHNOLOGY). The beads were washed three times with lysis buffer

containing 0.5% Nonidet-P-40 prior to addition of Laemmli buffer and SDS-PAGE.

Immunoblottings were performed using the appropriate antibodies.
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FIGURE LEGENDS

Figure 1: Outline of the split-ubiquitin membrane yeast two-hybrid system. (A)

A membrane bait protein of interest X is fused to Cub followed by an

artificial transcription factor (TF), while another membrane (or

cytoplasmic) protein Y is fused to the NubG domain (Y-NubG). On

interaction of the X and Y proteins, ubiquitin reconstitution occurs,

leading to proteolytic cleavage by UBPs, and the subsequent release of

the transcription factor. This factor activates reporter genes to result in

HIS3+/lacZ+  yeast cells. (B) If X and Y do not interact, there is no

ubiquitin reconstitution and thus no UBP-mediated cleavage, resulting

in HIS-/lacZ- yeast cells.

Figure 2: Maps of novel vectors for the expression of Type I transmembrane bait

and prey proteins in the split-ubiquitin membrane yeast two-hybrid

system. (A) The bait vector pCYC-BAIT-Cub-TF is a LEU2-based low

copy number (CEN/ARS) vector bearing a weak yeast CYC1 promoter,

the MCS, and the Cub domain followed by the TF. The foreign cDNA

sequence encoding a transmembrane bait protein of interest is

introduced into the MCS in frame to Cub-TF portion. Also shown is

the MCS sequence upstream of the Cub-TF fusion containing the

unique XbaI, SpeI, PstI and HindIII restriction sites. (B) The prey

vector pADH-PREY-2HA-NubG is a TRP1-based multicopy (2µ)

vector bearing a strong yeast ADH1 promoter, the MCS, and two HA
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tags followed by the NubG domain. The cDNA or a library of genomic

or cDNA fragments is fused in frame to the NubG cassette. Also

shown is the MCS sequence upstream of the two HA-NubG cassette

containing the unique restriction sites NdeI, NcoI, SmaI and BamH1.

Both bait and prey vectors were constructed as described in the

Methods section.

Figure 3: (A) The structure of the ErbB3-Cub-TF bait protein used in this study.

Like other members of the ErbB family, ErbB3 is a type I

transmembrane protein consisting of an extracellular ligand binding

domain (blue dotted box), a single membrane-spanning region (striped

box), and a cytoplasmic protein tyrosine kinase domain (blue open

box). The ErbB3 bait was fused to Cub (red box), followed by an

artificial transcription factor (TF) (green box). The number of amino

acids of ErbB3, Cub and TF portions are indicated. (B) Growth of

yeast cells expressing ErbB3-Cub-TF bait with various Nub-fusions on

agar plates lacking tryptophan and leucine (left), and tryptophan,

leucine and histidine containing 10 mM 3-aminotriazole (3-AT)

(middle). The L40 yeast reporter strain was co-transformed with the

ErbB3-Cub-TF bait and indicated prey plasmids, and three

independent colonies were grown on Leu-Trp- and Leu-Trp-His-

selective plates prior to assessment of ß-galactosidase activity using X-

gal filter test (right). (C)  ErbB3 is localized within the yeast

membrane. Cytosolic (lanes 1 and 3) and membrane (lanes 2 and 4)

fractions of yeast cells expressing the ErbB3-Cub-TF bait were
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subjected to SDS-PAGE. The insoluble fraction (lane 2) was treated

with 1% Triton X-100 to solubilize the proteins, and centrifuged to

separate the soluble (lane 3) from insoluble proteins (lane 4). The

ErbB3-Cub-TF bait and a control endogenous yeast membrane protein

Sec61p were detected by immunoblot analysis using a mouse

monoclonal anti-ErbB3 antibody (upper panel), and an anti-Sec61

polyclonal antibody (lower panel). The positions of molecular markers

are indicated.

Figure 4: ErbB3 and RGS4 form a complex in human cells. Cell lysates of

HEK293T cells co-expressing ErbB3 and RGS4 were

immunoprecipitated with either IgG antibody (lanes 2 and 3) or goat

polyclonal anti-RGS4 antibody (lanes 4 and 5) using either 100 mM

(lanes 2 and 4) or 150 mM NaCl (lanes 3 and 5), and analyzed by

immunoblotting with either rabbit polyclonal anti-RGS4 antibody

(upper panel) or mouse monoclonal anti-ErbB3 antibody (lower panel).

1/10 of the same extract was used as the input control (lane 1).

Figure 5: Mapping of the ErbB3 interaction domain within RGS4. (A) RGS4-

NubG deletion constructs. RGS4 contains an N-terminal amphipathic

region important for membrane localization (aa 1-33, striped box)

followed by the RGS box (aa 58-178, grey box) and the C-terminal tail

(aa 179-205). The NubG domain of ubiquitin is shown as a dotted

ellipse. The asterisk indicates the original RGS4 clone isolated in the

split-ubiquitin membrane yeast two-hybrid screen. (B) Quantitative β-
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galactosidase assay showing the binding of different RGS4-NubG

deletion mutants to the ErbB3-Cub-TF bait. Values given are the mean

of four transformants, each assayed at least twice. (C) Expression and

localization of the RGS4-2HA-NubG deletion mutants. The RGS4-

2HA-NubG deletion mutants were generated by PCR followed by in

vivo recombination into the prey plasmid pADH-PREY-2HA-NubG

previously digested with NdeI. Western blot analysis were performed

using membrane (left panels) and cytosolic (right panels) fractions of

the yeast L40 reporter strain expressing ErbB3-Cub-TF and the prey

NubG (lanes 1), RGS4-NubG (1-178) (lanes 2), RGS4-NubG (1-205)

(lanes 3), RGS4-NubG (34-205) (lanes 4), RGS4-NubG (1-148) (lanes

5), RGS4-NubG (58-178) (lanes 6), and RGS4-NubG (58-148) (lanes

7). The blots were incubated with anti-RGS4 antibody. The positions

of molecular markers are indicated. The bands which are not marked

with an asterisk are considered as degradation products of RGS4. The

RGS4-NubG (1-178) protein found in the split-ubiquitin membrane

yeast two-hybrid screen (lane 2) migrates slower than the RGS4-NubG

(1-205) (lane 3) because it contains an additional 45 aa upstream of the

initial RGS4 start codon.

Table 1: ErbB3-interacting proteins identified in the split-ubiquitin membrane

yeast two-hybrid screen.

aFor each identified clone, the Genbank database accession number is

given.
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bIn parentheses the number of amino acids corresponding to the full-

length protein is indicated.

Figure 1 supplementary material:

Control immunoblot analysis. To confirm expression and localization

of the RGS4-2HA-NubG deletion mutants, the L40 yeast reporter

strain expressing the ErbB3-Cub-TF bait and various RGS4-NubG

preys (see Fig. 5C) was lysed, centrifuged to separate membrane (left

panel) and cytosolic (right panel) fractions, and resolved by SDS-

PAGE. Immunoblots were probed with antibodies to Yrb1p (an

endogenous yeast cytosolic protein) or Sec61p (an endogenous yeast

ER membrane protein). The positions of molecular markers are

indicated.



   Name of the encoded gene Nr of clones
identified

Acc. No.a Protein sequence
fused to NubGb

Localization in human
cells

References

RGS4 (Regulator of G protein Signaling) 2 XM_034023    aa 1-178       (205) membrane
cytosol

Srinivasa et al. 1998
Druey et al. 1998

Egr-1(Early Growth Response 1) 1 NM_001964.1    aa 169-443    (543) nucleus, cytosol Matheny et al. 1994

Zinc finger protein ZNF207 2 XM_008462    aa 143-334    (493) unknown Pahl et al. 1998

Table 1
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