
LNX, A NOVEL PDZ DOMAIN CONTAIMNG PROTEIN 

Chely 1 Deanna Wolting 

A thesis submitted in coniionnity with the requirements 
for the degree of Master of Science 

Graduate Department of Medical Biophysics 
University of Toronto 

0 Copyright by Cheryl Deanna Wolting (2000) 



The author has granted a non- 
exclusive Licence aîlowing the 
National Library of Canada to 
reproduce, ban, distribute or sell 
copies of this thesis in microfonn, 
paper or electronic formats. 

The author retains ownership of the 
copyright in this thesis. Neither the 
thesis nor substantid extracts fiom it 
may be printed or otherwise 
reproduced without the author's 
pennigssion. 

L'auteur a accorde une kence non 
exclusive permettant a la 
Biolothbque nationale du Canada de 
reproduire, pr&ter, d i s t n i r  ou 
vendre des copies de cette thèse sous 
la forme de microficheInIm, de 
reproduction sur papier ou sur format 
électronique. 

L'auteur conserve la propriété du 
droit d'auteur qui prottge cette thèse. 
Ni la thèse ni des extraits substantiels 
de celle-ci ne doivent être imprimés 
ou autrement reproduits sans son 
autorisation. 

cana ! !  



ABSTRACT 

LNX, A NOVEL PDZ DOMAIN CONTANNG PROTEIN 

Cheryl Deanna Wolting 
Master of Science, 2000 

Department of Medical Biophysics, University of Tomnto 

LNX, a novel protein that contains four PD2 domains, was identified through its interaction with 

the mammalian homologue of the ce11 fate deteminant, Nurnb. A yeast two-hybrid scnen was 

performed to identiQ the targets of the LNX PDZ domains. Seven proteins were identified which 

interact specifically with the PD2 domains of LM< in a yeast two-hybrid assay. Four of the 

seven proteins are novel while the other three are murine homologues of the pmteins WWPI, 

P M 1  and syntaxin5. Two in vitro methods, namely mixing of hsion proteins and BiaCore 

analysis, were used to verify and charactenze these interactions. In addition these reagents were 

used to identiQ endogenous LNX from mouse brain. 
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Chapter 1 Introduction 

1. I MULTICELLULAR ORGANISMS AND THE NEED TO COMMUNKATE 

A mammalian organism is made up of millions of cells that must comrnunicate with one another 

in order for the organism to survive and function nomally. This communication occurs within 

the same cell, between neighbouring cells or berneen physically separated cells. A signal can 

provide a wide range of instructions; for example, the signal cm instruct the ce11 to gow, move, 

die or maintain its cunent status. Different signals can give the same instructions to a given cell. 

and the same signal can cause different results in different cells. The response of a given ce11 to a 

signal depends, in part, on the way in which the signal is transduced within the receiving cell. 

Signal transduction is dependent on the ce11 type and its location, and dso the proteins expressed 

within the ceIl when the signal is received. 

Signal tmsduction is facilitated by interactions between proteins. These interactions can cause 

an enzyme to become active or inactive, facilitate proper localization of a protein or bring 

effector proteins within close proximity. It is well established that many interactions between 

proteins are facilitated by conserved, modular domains found within a protein that recognizes a 

target sequence or domain within another protein. These modular domains are often conserved 

across a wide range of multicellular organisms and are found in proteins involved in a variety of 

signal cascades. These domains are modular; their structure permits the domain to adopt an 

isolated tertiary structure separate fkom that of the rest of the protein. This allows many domains 

to exist within one protein and theoretically, the domains can be "cut-and pasted" together in 

aimost any combination. hoteins rnay contain severai different types of domains in any order 

within the protein or may contain several copies of one type ofdomain, where each of these 

domains bas either a unique or common target. Each type of domain recognizes specific target 

sequences within the different target proteins. Cornparison of these target sequences allows 

prediction of a consensus sequence for each conserved domain. 

Protehprotein interaction domains may be found in enzymes. In enzymes, these domains 

function to localize the enzyme, allow substrate bindiag or permit regulation of enzyme activity. 

Other molecules consist oniy of modular domains and are currentiy classified as adaptor, docking 



or scaffolding proteins. (Fig. 1-1) (Pawsoa and Scott, 1997). These three classifications are not 

absolute and some proteins appear to fa11 under more than one classification. The conceptual 

dennition of the three gmups is best exemplified by signaling pathways downstream of tyrosine 

kinase recepton. Adaptor proteins recognize an activated receptor and propagate this signal to 

downstream signaling pathways. Dockhg proteins, which also ncognize receptors in theu 

activated state, contain multiple sites that can be tyrosine phosphorylated. The phosphotyrosine 

residues are recognized b y downstream molecules that may or may not be nom different 

signaling pathways. The docking protein thus provides amplification of the signal from the 

activated receptor by supplying a much greater number of docking sites for downstream 

molecules than could be contained in the receptor itselE The role of scaffolding molecules in 

tyrosine kinase signaling pathways can either be in clustering several molecules of one protein or 

bringing together severai di fferent proteins that are part of the same signaling pathway . This 

Facilitates faster and more efficient signai transduction. 

Scaffolding molecules offer several advantages in signal transduction (Fanning and Anderson, 

1999; Ranganathan and Ross, 1997). First, efficiency of the signal transduction cascade is 

increased because of the increased local concentration of signaling molecules. The fact that the 

proteins are concomitant upon cascade initiation permits fewer proteins (i.e., adaptors, charnels, 

second messengers, etc.) to be produced by the ce11 while still allowing propagation of the signal. 

Second, the speed of signal transduction is increased because protein interactions do not depend 

on chance collisions. hstead, an activated molecule can interact with and facilitate activation of 

its target much faster than if it needed to first locate then activate that target molecule. An 

example of the importance of a multiprotein signal transduction complex is exemplified in the 

Drosophila photoreceptor ce11 that is discussed below. 

1.2 PROTEIN-PROTEIN INTERACTION DOMAINS 

There are now over 30 known types of protein-protein interaction domains (Bork et al., 1997; 

Fanning and Anderson, 1999). Several of these, such as - ~omology (SH)2 and SH3 domains, 

have been studied for many years and are well characterized. The domains that are discusseà here 



ADAPTORS DOCKING SCAFFOLD 

Fig. 1-1. Schematic diagram of the types of proteins involved in signal transduction pathways. 
RTK - receptor tyrosine kinase; pTyr- phosphotyrosine; SH2 -Src Homology 2 domain; SH3 -Src 
Homology 3 domain; PTB- phosphotymine binding domain; PDZ - PSD-95-DlgA-ZO- 1 domain. 

W 



and the motifs that they recognize are outluied in Table 1-1 below. The features of the known 

domains provide a platform h m  which to begin analysis of newly identified domains. 

The fht  protein-protein interaction domains that were described are found in the proto-oncogene 

src and were narned SH2 and SH3 domains. The SH2 domain recognizes a phosphorylated 

tyrosine residue in transmembrane and cytoplasmic target proteins as well as thne to five 

residues carboxy terminal to the phosphotyrosine (Koch et al., 1989; Sadowski et ai., 1986). This 

interaction is regulated by the phosphorylation state of the target protein, thus it is a reversible 

interaction. Effectively the SH2 domain recognizes a peptide of five to ten amino acids 

containing the recognition site. The SH2 domain recognizes its target in a bipartite organization. 

A conserved binding pocket of basic residues, including one invariant arginine residue, is 

responsible for the interaction with the phosphorylated tyrosine residue (Pascal et al., 1994; 

Songyang et al., 1993; Waksman et al., 1993). The second binding surface contains variable 

residues which determine the specificity for the residues carboxyterminai to the phosphotyrosine; 

this is where specificity for different protein targets occurs (Songyang et al., 1993). For example, 

the SH2 domains of the SrcLck kinase family recognke hydrophilic residues at the +1 and +2 

positions relative to the phosphotyrosine and hydrophobic residues at the +3 position. The 

PLCyl and SH-PTP2 farnily of SH2 domains contain a hydrophobic groove adjacent to the 

phosphotyrosine binding pocket which is able to recognize five or more residues (Pawson, 1995). 

The PTB (ghosphomosine binding) domain, was first recognized in the docking proteins, Shc 

and iRS-1 (Blaikie et al., 1994; Bork and Margolis, 1995; Kavanaugh and Williams, 1994; 

Pelicci et al., L992; van der Geer et al., 1995). As it nims out, this is a misnomer, as not al1 PTB 

domains require a phosphorylated tyrosine to be present in order for an interaction to occur. PTB 

domains kom several différent proteins, such as Numb @ho et al., 1 W8), X11 (Borg et al., 

1996), and mDabl (Howell et al., 1999), recognize similar target sequences containing either a 

phosphorylated or unphosphorylated tyrosine. The consensus sequence found in many PTB 

target proteins is Xaa-Am-Pro-Xaa-Tyr. in addition, hydrophobic residues five to eight nsidues 

amino terminal to the tpsine are also recognized (Pawson and Scott, 1997). The structure of the 

PTB domain is composed of a seven stranded psandwich capped by carboxy terminai ahelices 



(Harrison, 1996; Zhou et al., 1996; Zhou et al., 1995). The peptide must adopt a Ptum 

conformation just amino terminal to the @hospho)tyrosine residue in order to be reco@ed by 

the PTB. The bound peptide augments the Psheet by binding in a groove between the ha1 

P s ~ d  of the Psheet and an aheüx. The loop preceding this final pstrand also interacts 

significantly with the target peptide. 

The organization of Pstrands and ahelices in the PTB is very similar to that of the PH @leckstrin 

homology) domain, a rnodular signaling domain, which interacts with phosphoinositides. The PH - 
domain recognizes the charged headgroups of phosphoinositides at the membrane and is 

important for targeting of signaling molecules to specific regions of the plasma membraue 

(Pawson and Scott, 1997). PH domains couple the proteins that contain them to signaling 

cascades regulated by phosphatidyl inositol kinases, inositol phosphatases and phospholipases. 

The SH3 domain recognizes proline nch peptides of approximately ten amino acids within target 

proteins (Mayer et al., 1988; Mayer and Hanafusa, 1990). The peptides usually contain the 

consensus sequence Xaa-Pro-Xaa-Xaa-Pro (using the three letter arnino acid code where Xaa is 

any amino acid). The third residue in this consensus is often a proline but this is not always the 

case. It has been show that the SH3 domain recognizes the target peptide in a left-handed 

polyproline type iI helix. The two Xaa-Pro pairs are recognized by hydrophobie pockets formed 

by conserved aromatic residues in the SH3 domain (Feng et al., 1994; Lim et al., 1994; 

Wittekind et al., 1994). There is a thud pocket which ofien interacts with an arginine but shows 

some vaîability (Feng et al., 1994; Lim et al., 1994; Wittekind et al., 1994). It is possible that the 

SH3 ligand could bind in either orientation to the SH3 domain as the peptides are pseudo- 

symmetricai (Feng et al., 1994; Wittekind et al., 1994). Class 1 interaction is binding of the 

ligand in the amino to carboxy terminal orientation, whereas class II is binding in the carboxy to 

amino terminai orientation. The orientation of the ügand may detemiine the spatial orgaaization 

of the resulting cornplex, which may be cntical for dowrisrteam tignaiing events. 

Another domain that ncognizes proline-rich sequences is the WW domain, which bhds target 

pmteins having the consensus sequence h-Pro-Xaa-Tyr or Pm-Pm-Leu-Pro (Pawson and Scott, 



1997). WW domains are mal1 protein interaction domains containing 35-40 residues (Andre 

and Springael, 1994; Bork and Sudol, 1994; Hohanu and Bucher, 1995; Staub and Rotin, 

1996). Within this domain, two tryptophan residues (from which the domain gets its name) and 

two probe residues are highly consewed. One WW domain containing protein, Nedd4 is 

important for the regulation of a Na' channel since mutations in the channel that disrupt 

recognition by the Nedd4 WW domallis result in the hypertensive disorder, Liddle's syndrome 

(Li et al., 1995; Staub et al., 1996; Staub and Rotin, 1997). 

Table 1-1. Overview of several protein-protein interaction domains and the motifs that they 
recognize in target molecules. 

PTB 

Domain 
SH2 

Xaa-Pro-Xaa-Xaa-Pro 

Recognition Motifs 
pTyr-Xaa-Xaa4 

O +l +2 +3 

Pro-Pro-Xaa-Tyr 

There are many examples of protein-protein interaction domains that have been identified and 

PDZ 

charactenzed to varying degrees. Comrnon themes can be seen in many of the interaction 

Glx-Ser/Thr-Xaa-Val 
PheiTyr-Xaa- Ala 

-3 -2 -1  O 

mechanisms used by these domains yet each has its own unique properties. Continued study of 

eac h of these domains may facilitate better understanding of the organization and regulation of 

signal transduction pathways. in this thesis, we will consider in detail the structure and binding 

specificity of the PDZ domain, a recentiy identified protein-protein interaction domain, in order 

to characterize the function of the multi-PD2 protein, LNX. 

@ denotes hydrophobie amino acids 

1.3 PDZDOMAINS 

PDZ domains are another modula protein-protein interaction domain which can be found in both 

adaptor proteins or proteins with eoymatic activity (Fig. 1-2). Wre other modular domains, they 



can be found in multiple copies within one protein. However, unlike most other modular 

domains, proteins have been found which contain only PDZ domains and no other recognizable 

conserved domains (Ponting et al., 1997). PD2 domains are also unique in that thcy can be found 

in proteins fiorn mammals, Xenopus, Drosophila, Caenorha bdifis elegons, to budding and 

fission yeast and even bactena (Bacillus subtilis) (Ponting et al., 1997). This widespread 

conservation has not been seen with other recognized protein-protein interaction domains. 

The PDZ domain was named for the h t  three proteins in which it was discovered: the post- 

synaptic density protein of 95kDa, ESD-95, the Drosophila tumour suppressor discs large (Qlg) 

and the tight junction protein ZO-1 (Kennedy, 1995; Ponting et al., 1997). It was previously 

called the GLGF domain (Cho et al., 1992), to reflect the four amino acid motif (Gly-Leu-Gly- 

Phe) that is conserved in the domain, and the DKEt (Bryant et al., 1993), for &CS large 

homology ~egion. Many PDZ domains recognize the last few amino acids in the carboxy - 
terminal tail of their target proteins, which can be transmembrane or cytoplasrnic proteins 

(Ponting et al., 1997; Saras and Heldin, 1996; Songyang et ai., 1997). Some PDZ domains may 

also recognize intemal sequences. However, the recognition of a target molecule by a PDZ 

domain always occurs via a similar structural mechanism, as will be discussed below. 

in order to characterize the target binding specificity of PD2 domains, Songyang et al. (1997) 

perfonned peptide library screens with nine different PD2 domains. in the first screen, a library 

of eight-residue degenerate peptides was incubated with the individual PDZ domains and the 

peptides selected by each domain were sequenced to generate a consensus motif. Al1 nine PDZ 

domains preferred peptides with a hydrophobic carboxy temllnal amino acid, (Le. valine, 

isoleucine or leucine, and occasionally alanine or methionine). From thîs point on the last amino 

acid of the protein wiIi be referred to as the amho acid in the "0" position, the second last amino 

acid is in the "-1" position, the thkd last amino acid is in the "-2" position and so on. Most of the 

PDZ domains examined selected a hydroxyl residue at the -2 position, either serine, threonine or 



FAP 

XI1 I 

nNOS 1 

Fig. 1-2. Examples of PDZ domain-containing proteins. PDZ - PSD-95DlgA-20-1 domain; SH3 
- Src Homology 3 domain; GUK - guanylate kinase domain; DEP - dshlegl-10rC>Ieckstrin 
domain; RasBD - Ras binding domain; M- membrane binding site; PTPase - phosphatase; PTB - phosphotyrosine binding domain; CB - coenzyme binding fegion; PH - plan homobgy 
domain; SU - syntrophin unique region. 



tyrosine. For those PDZ domains with known protein targets, the consensus sequence predicted 

by the peptide library screen conesponded well to the known target recognition sites. 

To identi@ the specificity at other residue positions, an oriented peptide library was created with 

nine residues peptides restricted to serine, threonine or tyrosine at the -2 position (Songyang et 

al., 1997). Some PD2 domains showed specificity for midues back to the -8 position with a mild 

preference for lysine, glutamine and aspartate in the -8 to -5 positions. Others showed specificity 

for hydrophobic amino acids in the -2, -1 and O positions. Songyang et al. (1997) proposed that 

PDZ domains could be separated into two groups based on their specificity at the -2 position. 

Group 1 PDZ domains prefer hydroxyl arnino acids such as serine or threoniae. This group 

includes d l  three PDZ domains of the mouse Discs large homologue and PD23 and PDZS of 

PTP-bas/FAP- 1, a phosp hotyrosine phosphatase. Group II PDZ domains prefer a hydrophobic 

arnino acid such as phenylalanine or tyrosine at the -2 position. This included the single PDZ 

domain-containhg proteins, p55, human Lin2, Tiarn 1 and AF-6. 

Based on the structure of two PDZ domains which had alnady been solved, several conserved 

residues were identified which were integrally involved in peptide recognition (Doyle et al., 

1996; Morais Cabral et al., 1996) (discussed below; Fig. 1-3). Songyang et al. (1997) utilized the 

residue predicted to be the fust arnino acid of the second aheiix (aE3 1) to divide each specificity 

group into two subgroups. This residue had been most strongly correlated with recognition of the 

-2 position of the peptide by structural analyses (Doyle et al., 1996; Morais Cabral et al., 1996). 

Group IA PD2 domains, containing a histidine residue at the al3 1 position, recognize serine or 

threonine (and occasionally tyrosine) at the -2 position. Group IB consists of molecules for 

which the aB 1 position is also basic (Le., arginine or lysine) but the -2 target residue is not 

known. On the other hand, Group IIA PDZ domains have a hydrophobic residue at aB 1 and 

recognize a hydrophobic residue at the -2 position. Group IIB PDZ domains have an acidic 

residue at the aB1 position (i.e., Asp, Glu, Gln, Asn) and prefer hydrophobic -2 position 

residues. 

An altematively orienteâ peptide library was generated and used to m e n  the nine PDZ 



- I - h g  Oroupl- Gly 
Group 11 - 77 Gmup Il - Mct 

Grwp1-e 
Gmup Il - @ 

Ciroup 1 - His 
Cimp II - 9 

Fig. 1-3. Alignment of PDZ domains discussed in Chapter 1. The third PDZ domains from PSD-95 
and hDlg, al1 four PDZ domains of LNX, and the single PDZ dornains from al-syntrophin and 
hCASK are included. Alignment was generated with ClustaK. Secondary structures as per Doyle et 
al. (1996) are marked above. Ruler denotes number of residues, residues discussed in text are 
indicated below. denotes hydrophobic amino acids. 



domains. This library, containhg a fixed intemal tyrosine, was intended to represent possible 

intemal peptide sequences that might be recognized by a PD2 domai. (Songyang et al., 1997). 

The peptides had the following sequence: MI2-Met-Ala-Xaa-Xaa-Xaa-Xaa-Tyr-Xaa-Xaa-Xaa- 

Xaa-Ala-Lys-Lys-Lys-NH2. None of the PDZ domains recognized a specific consensus sequence 

Eom this library and the authon thus proposed that PDZ domains do not bind intenial sequences. 

We now h o w  that there are several problems with this conclusion. First, it is not known why the 

authors believe that a peptide with a f h d  internal tyrosine automatically represents an intemal 

peptide. The only apparent rationale for using a fixed intemal tyrosine is that a -2 position 

tyrosine might be recognized by both groups of PD2 domains. However, the authors themselves 

report that ody one Gmup 1 PDZ domain recognized tyrosine at the -2 position, thus four of the 

nine PDZ domains are imediately irrelevant to this screen. Secondly, from the structural data it 

is now laiown that an internal peptide recognized by a PDZ domain must adopt a pstrand-like 

structure to fit in the binding groove (Hillier et al., 1999) (discussed below). Therefore. a 

confonnationally constrained peptide library will likely yield more relevant results. indeed, it has 

been observed that a PD2 domain will recognize a cyclized version of the same peptide which it 

will not bind after the intrachain disulfide bond has been broken (Gee et al., 1998). 

The third PDZ domain of the rat protein PSD-95 (amino acids 302402; PSD-95 PDZ3) has been 

crystallized alone and in cornplex with a nine residue peptide derived fiom a PDZ3-interacting 

protein identified in a yeast two-hybrid screen (Fig. 1-4) (Doyle et al., 1996). The domain 

adopted a six-stranded Psandwich organization, where the fourth Pstrand (PD) participated in 

both sheets. Cornparison of the cornplexcd and peptide-frce structures indicated that little 

confocmational change occurred in the PDZ dornain upon ligand binding. The amino and 

carboxy termini of the domain are in close proximity in the tertiary structure and are found on the 

opposite face of the dornain with respect to the ligand binding face confirming the prediction that 

PDZ domains are modular protein interaction domains. 

A peptide binding p o v e  foms on the surface of the domain between the second Pstraad (PB) 

and the second aheüx (aB) (Doyle et al., 1996). The last four amino acids of the peptide are 

highly ordered in the crystd; the backbone of the peptide interacts with the backbone of PB by 



Fig. 1-4. Crystal structure of PSD-95 PDZ3 (backbone - teal; ahelix - 
green, Pstrand - gold) in complex with peptide (fiee teal-coloured 
strand) which lies between aB and PB (PDB accession number, LBE9) 
as viewed in Cn3D (available fiom ftp ://ncbi.nlm.nih.gov/cn3d). 

-. 
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sy ntrop hin nNOS 

Fig. 1-5. Ri bbon diagram of nNOS-a 1-syntrophin CO-crys ta1 structure from 
Hillier et al., 1999. ahelices of nNOS labeled aA and aB ; flstrands of 
nNOS labeled A-H; flstrands of syntrophin labeled B' and C'. 



hydrogen bonding. This addition of a Pstrand by peptide binding inmeases the Psheet by one, a 

binding mechanism known as paugmentation. The side c h a h  of thc -2 and -3 position residues 

in the peptide interact with the side c h a h  of residues in aB, PB and PC. T'hese residues thus 

provide the specificity of the PDZ domain for a given peptide sequence. 

The loop between PA and PB that lies at the end of this peptide binding groove contains the 

signature motif of PD2 domains, Gly-Leu-Gly-Phe (GLGF). The way in which this loop 

contributes to target peptide binding is unique among modular protein interaction domains. This 

loop was narned the carboxylate binding loop for its role in anchoring the fiee carboxylate at the 

end of the peptide. It foms a stearic block at the end of the peptide binding groove so that only 

the extreme carboxy terminus of peptides are predicted to be stmcturally able to fit in this 

binding site. The binding of the carboxylate moiety by the GLGF sequence orients the terminus 

of the peptide such that the O position valine projects directly into a hydrophobie pocket, made 

up of several residues in the carboxylate binding loop. 

Comparison of the PDZ domain structure to the structure of other modular protein interaction 

domains revealed a stnking similarity to PH and PTE3 domains (Doyle et al., 1996; Harrison, 

1996). The position of Pstrands and ahelices are very similar, however differences are seen in the 

connectivities between secondary structures. The peptide recognition by PTB and PDZ domains 

also appean to have several sirnilarities; the positioning of the peptide between a Pstrand and an 

ahelix and the addition of an antiparallel Pstrand to facilitate Paugmentation are both conserved. 

There are fewer residues involved in peptide recognition by PSD-95 PD23 (four) than are 

recognized by other modular protein interaction domains such as SH2, SH3 and PTB (five to 

ten). However, the number of hydrogen bonds (approximately ten), and the area which is solvent 

excluded upon binding (400m is very similar in ail four of these domains (Doyle et al., 1996). 

Soon after this publication, another group reported the structure of the third PDZ domaia of the 

humao homologue of the Drosophila discs large tumour suppressor DlgA (Morais Cabrai et ai., 

1996). This group descnied the PDZ structure as a five stranded antiparaliel Pbanel with thne 



ahelices. There are two differences in secondary structure between the crystals of hDlg PD23 

and PSD-95 PDZ3. hDlg PD23 does not have PE, as seen in PSD-95 PDZ3, although the loop 

between P4 and a2 of hDlg PD23 is in a very similar position to where PE of PSD-95 PD23 is 

found. Also, there is an additional ahelix at the end of hDlg PD23 which packs against the 

outside of the Pbarrel that is not found in PSD-95 PDZ3. However, the secondary structures that 

are sharcd beiween the two are very similar in size and positioning. 

A program which uses only geometric criteria denved hm the atomic coordinates was used to 

identify possible peptide binding cavities on the surface of hDlg PD23 (Morais Cabral et al., 

1996). Only one groove that would be Large enough to accommodate a ligand was identified. 

This groove corresponds to the peptide binding groove identified by Doyle et al. (1996). The 

binding pocket is made up of residues nom P2, a 2  and the Plp2 loop at the end of the groove. A 

partially buried arginine was also identified in the conserved hydrophobic pocket. This arginine 

was also found to be important for PSD-95 PD23 and is reminiscent of the buried arginine found 

in the hydrophobic phosphotyrosine binding pocket of SH2 domains (Morais Cabral et al., 1996). 

A peptide of Th.-Asp-Val-COOH was modeled in the predicted peptide binding gmove. The 

interaction predicted closely resembled the peptide binding seen in PSD-95 PDZ3. An a l i m e n t  

of several PDZ domains with hDlg PD23 combined with superposition of secondary structural 

elements shows that most insertions and deletions found in other PDZ domains are restricted to 

the loop regions. 

Independent determinations of crystal structure of two related PDZ domains generated very 

similar structure models. Both models provide the same explanation for the unique interaction of 

PDZ domains with carboxy terminal amino acids. Both PD2 domains snidied fit into the class 1 

specificity group described by Songyang et al. (1 997). Within each of the two classes of PD2 

domains, sequence identity is mund 60970%. Between class 1 and class II PDZ domains, 

however, sequence identity is as low as 20% and may cal1 into question the stnicnual 

conservation between the two classes of domains. 



For this reason, the crystal structure of the CASK PDZ domain was detennined (Daniels et al., 

1998). CASK was identified in rat as a protein that interacts with the intracellular domain of 

neurexins, extracellular matrix binding proteins (Hata et al., 1996). CASK has a PDZ domain, a 

type II calrnodulin kinase domain (CaMKII), an SH3 domain and a guanylate kinase (GuK) 

domain. It is the mammalian homologue of the C. eleganr lin-2 gene product, which is involved 

in Let-23 locaiization in epithelial cells (Hoskins et al., 1996; Kaech et al., 1998). The buman 

CASK protein has been found to interact with both syndecans, a family of heparan sulfate 

proteoglycans, and protein 4.1, an actidspectrin binding protein (Daniels et al., 1998). The 

CASK PD2 domain was classified as a class II PDZ domain by examining the carboxy terminal 

sequences of these hown CASK binding partners. 

Crystallization of the CASK PDZ domain revealed the presence of six Bstrands and two ahelices 

in very similar organization to the PSD-95 PD23 structure (Daniels et al., 1998). Despite the 

sequence differences in the carboxylate binding loop (Phe-Met-Gly-Ile versus Gly-Leu-Gly-Phe) 

the structure of the loop and the pattern of hydrogen bonding was the same in the CASK PDZ 

domain as was seen in the third PDZ domain of PSD-95. The important differences in sequence 

between the class I and class II domains are in nsidues involved in ligand binding. In class II 

PDZ domains, the residue corresponding to Met507 in the PBPC loop is often a senne or 

hydrophobic residue whereas class I PDZ domains have a glycine in this position. A valine is 

present in al1 three class II PDZ domains exarnined at the position corresponding to Va1549 in 

the aB helix, however class 1 PDZ domains have a polar residue, for example histidine or 

arginine, in this position (Fig. 1-3). The position of Leu552 is conserved as a hydrophobic 

residue in both class 1 and II domains. This compaiison of critical residues corresponds to the 

criteria origindiy used to classify PD2 domains (Songyang et al., 1997). Despite low sequence 

identity between the two classes of PD2 domains, we see highiy conserved structure and bindllig 

mechanisms. 

1.4 PDZ DOMAIN HOMO- AM) HETERO-DIMERIZATION 

One aspect of PD2 domains that is not explainad by these stnictural descriptions is the ability of 

some PDZ domains to bind other PDZ domains or to bind internai targets. With the previously 



described restrictions on peptide binding, how do PDZ-PD2 interactions occur? 1s it possible that 

a domain and an intemal sequence intcract in the same binding groove? Or is there another 

binding face on the domain for these types of interactions? There an not yet any publications 

describing the interaction between a PD2 domain and an interna1 region fkom a non-PD2 domain 

containhg protein, however, a PD2 heterodimer has been studied. 

The PDZ domain of neuronal nitric oxide synthase ( W S )  interacts with the PDZ domains from 

both PSD-95 (PDZ2) and ul-syntrophin (Brenman et al., 1996; Brenman et al., 1996). The hi11 

PDZ domain of each protein is required For both nNOS interactions. In addition, thirty residues 

carboxy terminal to the nNOS PDZ domain are also required (Brenman et al., 1996). It is now 

known that these interactions are relevant to nNOS function in vivo (Aoki et ai., 1993; Brenman 

et al., 1995; Kameya et al., 1999). The region of RNOS involveci in PDZ-PD2 interactions 

(amino acids 1-130) was used to detemine the crystal structure alone and in complex with the 

a 1-syntrophin PDZ domain (Hillier et al., 1999). 

n i e  structure of the nNOS region alone revealed a polarized structure whereby retidues 1-100 

fonned a conventionai PDZ domain as seen in other crystal structures and the final thirty 

residues fortned a conformationally constrained Pfinger on the opposite face of the protein with 

respect to the conventional ligand binding face (Hillier et al., 1999; Tochio et ai., 1999). In the 

CO-crystal of the a 1 -syntrophin PDZ domain with nNOS (1 -1 30) (Fig. 1-5). the Pfinger acted as a 

ligand in the a 1 -syntrophin peptide binding groove (Hillier et al., 1999). The first strand of the 

Pfinger acts as a pseudo-peptide motif that mimics peptide binding in its sequence specific 

interactions. The sequence Leu-Glu-Thr-Th-Phe in the fiat strand of the Phger  interacted with 

residues in PB and aB in a manner similar to that seen in the PSD-95-peptide CO-crystal. Rather 

than having a fiee carboxylate group anchored by the Gly-Leu-Gly-Phe motif, a sharp Pturn 

occurred at the tip of the Pfinger. The heteroduner, therefore, does not adopt the normal huo-bld 

mtationai symmetry seen in other dimer structures but binds in a linear head-to-tail f~hion due 

to the polarized structure of nNOS residues 1-1 30. 



The entire PDZ domain including the carboxy-terminal thirty residues of nNOS are thus required 

for interaction with al-synûophin because of the extensive interactions that occur between the 

Pfnger and the canonical nNOS PDZ domain in order to achieve proper confornational stability 

(Hillier et al., 1999). This heterodimerization bwies twice as much of the surface of al- 

syntrophin as is buried in conventional peptide binding. The residues in a 1-syntrophin that are 

important for the tertiary interactions with nNOS are conserved between al -syntrophin and 

PSD-95 PDZ2. 

The head-to-tail arrangement of this PDZ heterodimerization may confer se-veral unique 

characteristics to PDZ domain containing proteins (Hillier et al., 1999). This may be the 

mechanism by which subcellular localization of the catalytic domain of nNOS occurs while also 

adding a new receptor site for dtemate proteins. Alternatively, this type of interaction may 

permit oligomerization of these and other PDZ domain containing proteins. Finally, branching 

interactions may be possible in multiple PD2 domain-containhg proteins allowing recniitment 

of a wide variety of signaling molecules to a given cornplex. 

The structure detennination suggests that the interactions between nNOS (1-1 30) and PSD-95 

PD22 or PSD-93 PD22 rnay occur in a similar rnanner. in fact, biochemical studies of the 

nNûS-PSD-95 and nNOS-PSD-93 interactions support this prediction (Christopherson et al., 

1999). However, there are biochernical results which contradict the mode1 whereby the RNOS 

PDZ domain could simultaneowly inteiact with target peptides and other PD2 domains (Jaffiey 

et al., 1998). It is presently difficult to reconcile the results provided by these two groups. 

Structural evidence is very convincing, however these experiments are perfonned with a protein 

or pmteins in isolation fiom the in vivo setting which rnay cause perturbations nom the nom. On 

the other hand, biochemical experiments cm conceal some aspects of the interaction that we do 

not yet understand since we often adopt the simplest mechaaian by which we can describe the 

observeci results. Further structural and biochemical experiments need to be performed to clarify 

the mechanisms of these interactions. 



1.5 FUNCTION OF PDZ DOMAIN-CONTAINING PROTEINS 

I S. 1 I m r A D  in the Drosophilu photoreceptor Signalplex' 

[NAD is a rnulti-PD2 domain-containhg protein that plays an important role in the Drosophila 

visual system (Fig. 1-6). Chernical mutagenesis was used to generate mutant shains of 

Drosophila which were characterized using electroretinogmm (ERG) measurements (Pak and 

Pinto, 1976). The mutant strains were characterized as having either an abnomal light coincident 

receptor potential (LCRP) or an abnomal prolonged depolarization af'terpotential (PDA). 

Mutants with defects in LCRP were characterized as nq weptor gotential A (nomA), dow 

receptor potential A (slyA) or pansient receptor eotential A (@A).  Strains with PDA defects - 
were descnbed as either inactivation-pafterpotential (ino) or no-inactivation-no-afterpotential 

(nina) mutations; within each type of PDA mutant, several complementation groups were 

defined. Four of the gene products mutated in these strains are now known to interact directly via 

protein-protein interactions. They are norpA, which encodes a phospholipase (PLCP) 

(Bloomquist et al., 1988), np, which encodes a store-operated Ca" channel (Montell and Rubin, 

1989), inaC, which encodes an eye-specific protein kinase C (eye-PKC) (Smith et al., 1991) and 

in&, which encodes a 5 PDZ domain containing protein (Shieh and Niemeyer, 1995). Many 

studies have examined the mutant srrains and characterized the role of the individual gene 

products in phototransduction (Chevesich et al., 1997; Huber et al., 1996; Huber et al., 1996; 

Shieh and Zhu, 1996). The mechanism by which these four genes are connected was not clear 

until the identification of the PDZ domain (Kim et al., 1995; Komau et al., 1995) and, 

specifically, the presence of five such domains in the in& gene product (Tsunoda et ai., 1997). 

CNAD acts as a scafEold and this role in the transduction of the light activated signal in the 

Drosophila eye was demonstrated by a combination of in vin0 interactions, in vivo colocalization 

and physioIogical assays (Tsunoda et al., 1997). INAD is an integral molecule in the formation of 

a cornplex that contains most of the proteins involved in photoreceptor signal transduction. TRP, 

PLCP and eye-PKC have been shown to interact with INAD in both immunoprecipitation 

and in vitro binciing assays in Drosophila head extracts. However, neither Gqa nor rhodopsin 

have been detected in the INAD immu11ocomplex despite their high concentrations in 

photoreceptor celis. GST hision proteins of the individual PDZ domains showed that each 



Fig. 1-6. Mode1 of 'signalplex' in Drosophila rhabdomere nucelated by INAD from Montell, 
1998. The a m w  indicates one of the INAD molecules; PDZ domains of INAD labelled 1-5; 
PLC - phospholipase Cg; Gqa - large G protein; CaM - calmodulin; Rh - rhodopsin; PKC - 
eye-specific protein kinase C ;  TRP and TRPL - store-operated Ca++ channels. 



domain had a preferred target protein; PD23 bound most strongly to TRP, PD24 prefened eye- 

PKC and PDZS bound PLCP. These interactioas were shown to be independent of one another 

because INAD bound the remaihg two proteins when the third was absent in each of the three 

mutant strains: n o p A ,  trp and inoc. As well, the i n d l 5  mutant gene was isolated and 

sequenced; this revealed a Met442Lys substitution in PDZ3. 

Two additional in& mutant strains were generated in order to better characterize the 

phototransduction cascade (Tsunoda et al., 1997). The i n a d  mutation generated a premature 

stop codon so that translation ends at residue 270, halfway into PD22. The in& allele caused a 

Gly605Glu mutation in PD25 and showed decreased expression levels of INAD. Examination of 

the Drosophila rhabdorneres of al1 three [NAD mutant strains showed mislocalization of specific 

interacting molecules, changes in protein levels and altered ERG phenotypes (Tsunoda et al., 

1997). As would be expected from the biochemical studies, TRP, PLCP and eye-PKC were al1 

affected in the i n d  strain whereas only PLCP and TRP were affected in the i n a d  and 

inad15 strains, respectively. 

From the results obtained above, it was proposed that a complex, called a 'transducisome', exists 

within the rhabdomere of the Drosophila photoreceptor cell. This complex is responsible for 

anchoring many of the proteins involved in light-dependent signal transduction cascades and 

explains the remarkable sensitivity and specificity of signal transduction in photoreceptor cells. 

The temporal resolution of signal transduction in photoreceptor cells is excellent. This cascade is 

the fastest known G protein coupled cascade to date: it takes only 20111s to go fkom light 

incidence to receptor depolarization and approximately l O h s  to restore membrane polarity after 

the signal is terrninated. It is predicted that this type of 'transducisome' mechanism may also be 

used in other types of cells. By controlling the recniitment of different signaling moledes into a 

variety of transduction complexes, the ce11 optimizes its responses to many extracellular signais. 

This mode1 has been subsequentiy extended by Xu et ai. (1998). Using techniques with 

increased sensitivity (relative to those used by Tsunoàa et al., 1997), direct interaction of INAD 

with rhodopsin, TRPL, eye-EKC and calmoduiin was demomtrated. The results indicate that 



many different types of molecules are able to bind the same PDZ domains and each target protein 

is able to bind to more than one PDZ domain. Thus, it is not possible for one molecule of INAD 

to nucleate the entire phototransduction signahg cascade, suggesting that INAD rnay 

homomultimenze. The self-association of INAD through PD23 or PD24 was observed via 

cotrans fection and a n i t y  chromatograp hy . 

interestingly, differences in binding ability were seen between a construct encoding just PD23 

and one encoding PD23 plus 28 carboxy terminal residues (PDZ3L) (Xu et ai., 1998). Each 

result described can be reconciled to the stnicnual description of PDZ-PD2 interactions 

described above (Hillier et al., 1999). In each instance where homomultimerization was seen, at 

least one of the constructs utilized contained the PDZ3L region, which is consistent with the 

possible existence of Ptinger between PD23 and PD24 of INAD. 

The authoa propose that INAD, via its PDZ-peptide and PDZ-PD2 interactions, nucleates a 

'signalplex', defined as an extended network of [NAD homomultimers to which more than five 

targets bind (Fig. 1-6) (Xu et al., 1998). in addition, molecules such as rhodopsin and TRPL rnay 

interact with the signalplex revenibly. The dynamic association of some of the phototransduction 

cascade proteins rnay be regulated by two proposed mechanisms (Montell, 1998). First, light 

dependent Ca" influx rnay induce a conformational change in INAD that allows reversible 

association with certain target molecules. The second possibility is that light-dependent 

phosphorylation of rhodopsin or TRPL regulates their interaction with INAD. The signalplex 

rnay serve two functions that are not mutually exclusive (Montell, 1998). It rnay play a role in 

activation of the cascade by creating a localized high concentration of criticai second messengers 

(Ca*, iP,, DAG). It rnay also be important for the negative feedback regdation mediateâ by the 

light- dependent rise in Ca*. 

Many aspects of the visual phototransduction signal cascade remain to be understood. However, 

the large body of knowledge of the proteins involved and the available physiological assays 

pennit M e r  study and better understanding of this pathway. These results rnay relate to other 



multi-PD2 domain-containing proteins within different signaling systems and theu mechanisms 

of action. Thus, the signalplex may also be employed in other agnal transduction pathways. 

1 S.2 Funetion of PA R-3 in usymmehic cell division during C. elegans developnent 

The process by which a zygote consisting of one ce11 becomes a multicellular organism is a 

complex pathway of ce11 division and ce11 fate determination. The asymmeûic division of cells 

into two distinct daughter cells is cntical to the generation of ceil diversity during development 

(Horvitz and Herskowitz, 1992). Asymmetric ce11 division cm be due to extrinsic or intrinsic 

factors. Extrinsic cues for asymmeûic ce11 division include ce11 signaling between sibling cells 

after division a d o r  signaling fiom other cells. Invinsic cues include the asymrnetric localization 

of determinants within the two sibling cells andor the division of the mother ce11 dong an 

asynunetric plane creating sibling cells ofdifferent size. in order to distribute intrinsic ce11 fate 

determhants differently to two sibling cells, two events must be coordinated. First, the ceil fate 

determinant must asymmetricaily localize within the mother ce11 and second, the division plane 

must align dong the axis of asymmetry (Rhyu and Knoblich, 1995). 

Both of these events are observed during early embryonic cleavages in C. elegans development 

(Guo and Kemphues, 1996) (Fig. 1-7). P granules, which are cytoplasmic inclusions, are 

asymmetrically distributed and speci fically retained in the germline b lastomeres during four ce11 

division evmts early in development. The mechanism of apymmetric distribution of the 

cytoplasmic determinants has been studied with strains of C. elegans with prtitioning defects 

(par) (Kemphues et al., 1988). Six genes were identified which disrupt the size of the daughter 

cells, division timing, spindle orientation or molecular composition of the first ce11 division. 

These genes were classified into two groups. Group 1 genes, which include par4  andpar-4, have 

a severe effect on cytoplasmic localization of determinants, but a mild effect on spindle 

onentation. Group 11 genes, par-2, par-3, par4 and par-6, have a severe effect on spindle 

orientation but less severe effect on cytoplasmic Iocalization. par4 encodes a putative 

serine/tbreonine kinase and par-2 contains a putative ATP-binding site and a RING figer 

domain. Current models for the roles of these two proteins wüi not be discussed except in 

relation to pur-3. 



Fig. 1-7. Schematic diagram of asymmetric cleavages during early stages of C. 
eleguns development. P granules (black dots) are retained in germline (P) 
daughter ceIl at each stage. PAR-3 (orange) and PAR-6 (purple) are 
asymmetrically localized to posterior periphery during division. PAR3 is 
located throughout the periphery of somatic daughter cells (AB, EMS and C). 



The par-3 gene was isolated and extensiveiy characterized with respect to PAR-3 localization in 

wild-type and pur strains (Etemad-Moghadam et ai., L 995). The predicted 138 kDa protein 

contains three PDZ domains and several prohe-rich regions sunilar to those seen in 20-1 and 

20-2, two other PDZ domain containing proteins. Matemal expression ofpar-3 is required for 

establishment of the anterior-posterior (A-P) polarity and control of the cleavage pattern in early 

embryos. The asymmeûic localization of PAR-3 to the anterior penphery of the embryo depends 

on PAR-2 but not PAR4 nor P A R 4  Indeed, PAR-2 posterior localization pnor to the fint 

cleavage ofthe embryo is dependent on PAR-3, indicating an interdependency of these two 

proteins for localization and hction. PAR-1 and P granule asymmetric distribution to the 

penphery of the posterior pole of the embryo also depend on the presence of PAR-3. 

The localization of PAR-3 to the antenor pole of dividing gemline blastomeres results in the 

inhentance of a large proportion of PAR-3 by the somatic ce11 heage (Eternad-Moghadam et al., 

1995). PAR-3 is not asyrnrnetncally localized in somatic cells but is distributed evenly 

throughout the periphery. PAR3 is also present in the P lineage and is asymmetrically localized 

in the gemline blastomeres. This asymmetric distribution appears to restrict the localization of 

PAR4 and PAR-2 to the posterior pole. It has also been obsened that PAR-3 independently 

requins functional par4 and par-6 for proper peripheral distribution (Guo and Kemphues, 

1996). 

There are several similarities in the observed disruptions of embryonic asyrnmetries in par-3 and 

par-6 mutant C. elegans strains (Watts et al., 1996). S tudy of pur-6 and its gene product reveaied 

that 1) it is required for stable peripheral locdization of both PAR-3 and PKC3,2) it contains 

one PDZ domain and 3) it has an overall expression pattem during early embryo cleavages that 

resembles that of PAR-3. PAR-3 and PAR-6 were shown to be interdependent for correct 

antenor peripheral localization. 

A mammalian homologue of PAR-3, called ASIP, was identifieci in an expression Library screen 

with an atypical protein base  C, PICCC (Inrmi et ai., 1998). ASIP contains three PDZ domains 

and an atypical PKC (aPKC; includes PKCC and PKCX) bbinduig site. It ha3 throt regions of high 



similarity to the C. elegcms ce11 polarity detenninant, PAR-3. Conserved region 1 (CRI) is 

located in the amino terminal portions of ASIP and PAR-3, CR2 is cornpnsed of the three PDZ 

domains and CR3 is located within the aPKC-binding site. Co-localization of ASIP and PKCh in 

polarized MDCK II cells grown to confluence in culture was shown to be restricted to tight 

junctions, consistent with a role for ASIP in establishing &or maintainhg ce11 polarity. This 

work also led to the isolation of a C. elegans aPKC homologue, PKC-3 (Tabuse et al., 1998). 

Tabuse et al. (1998) showed that PKC-3 is required for establishing embryonic polarity, is 

localized to the anterior periphery OF the C. elegans embryo and that PKC-3 and PAR-3 are 

mutually required for asymrnetric distribution. It is possible that an interdependent temary 

complex of PAR-3, PAR-6 and PKC -3 could encode the intracellular signal for the establishment 

of polarity (Tabuse et al., 1998). It has now been demonstrated that the interaction between PAR- 

3/ASIP and aPKC is conserved across species (M et al., 1998). 

Co incident with these publications describing mamrnalian par-3 homologues was the 

identification of a Drosophilapar-3 homologue, called bazooka (Kuchinke et al., 1998). The 

bazooka mutation of Drosophila was identified in a screen for mutant strains exhibiting 

patternhg defects (Wieschaus et al., 1984) and was later shown to control epithelial ce11 polarity 

in the Dmsophila embryo (Muller and Wieschaus, 1996). The barwko gene was cloned and its 

product was s h o w  to be homologous to PAR-3 (Kuchinke et al., 1998). Examination of the 

effect of the bazooka mutation in neuroblast differentiation reveals that the buzooka gene product 

plays a role in orienting the axis of intrinsic apico-basal polarity of the ce11 with respect to the A- 

P axis of the embryo. However the absence of BAZOOKA does not severely effect central 

nervous system (CNS) developrnent. Thus the Drosophila par-3 homologue bazookri is similarly 

involved in polarity cues integral to cleavage patterns in the early embryo. 

The examples discussed above describe the function of multi-PD2 proteins in ce11 signahg and 

development. We have utilized these examples in trying to understand the kction of LNX, the 

aovel multi-PD2 protein that is the subject of the work in this thesis. 



1.6 THE INTRINSIC CUL-FATE DETERMINANT, NUMB 

Another well-studied example of an intrinsic ce11 rate determinant is Drosophila numb (M). 

numb was origllraily described as a mutation affecting the sensory organ preîursor (SOP) lineage 

in the periphed aervous system (PNS) and specific neurons in the central nervous system (CNS) 

(Uemura et al., 1989). dNb is a membrane-associated protein that is asymmetricaily localized 

during ceil divisions giving nse to distinct daughter ce11 fates (Knoblich et al., 1995; Rhyu et al., 

1994; Spana and Doe, 1996; Spana et al., 1995; Vervoort et al., 1997). The segregation of âNb to 

one oftwo daughter cells during asymmetnc ce11 division is thought to be responsible for the 

inhibition of signaling nom the ûansmembrane receptor, Notch (Guo et al., 1996; Spana and 

Doe, 1996). 

Mammalian homologues of numb have been isolated and characterized (Verdi et ai., 1996; 

Zhong et al., 1996; Zhong et al., 1997). mNb is functional when expressed in Drosophila 

demonstrating bctionai conservation across species (Verdi et al., 1996; Zhong et al., 1996). 

mNb has been shown to asymmetrically localize during specific ce11 divisions in the developing 

cortical plate of the mouse embryo suggesting that it has a role in mammalian neurogenesis 

(Zhong et al., 1996). A chicken homologue of Nb has also been identified and shown to be 

asymmetrically localized in neuroepitheliai cells ( Wakamatsu et al., 1 999). Chicken Nb is also 

able to inhibit the cepression of neuronal differentiation by chicken Notch. This suggests that 

mammalian Nb fùnctions in a similar manner to dl%. However, since mNb is expressed in most 

adult mouse tissues, it is Iikely that Nb also has other functioas. 

It is now known that'there are four isoforms of mNb @ho et al., 1999) and hNb (Verdi et al., 

1999) as well as a separate gene encoding another numb related protein called Numb-like (Nbl) 

(Zhong et al., 1 997). The differential expression patterns of these five mammaiian Numb proteins 

suggests that each has a distinct fuction in the cells in which it is expressed. The four mNb 

isofoms differ by either the presence or absence of two srnall inserts. The first insert is in the 

amino terminal PTB domain and consists of 11 amino acids. This insert is thought to mediate the 

plasma membrane locaiization of the mNb isofoms in which it is found @ho et al., 1999). The 

second insert is 49 amino acids and is found in the carboxy tamiaal proline rich region. This Nb 



isoforms which contain the insert appear to be involved in ce11 prolifération rathet than 

diffemitation @ho et al., 1999; Verdi et al., 1999). 

Studies of the function of rnammaiian Nb are ongoing in o u .  laboratory. Gene targeted and 

transgenic mice which overexpress Nb are being generated and characterized. The putative 

interactions of Nb with Notc h and a novel kinase domain-containhg molecule are aiso behg 

inves tigated. 

1.7 LNX, A NOVEL P D Z - D O W  CONTAINMG PROTEIN 

in order to ;dent@ protein targets of the marnmalian Nurnb (mNb) PTB domain, a yeast two- 

hybnd screen was performed (Dho et al., 1998). The kinase domain of the platelet-derived 

growth factor receptor was CO-expressed in the yeast during the library screen (Lioubin et al., 

1996). This permitted phosphorylation of any potential tyrosine phosphorylation sites in the 

library hision proteins Nice PTB interactions wen predicted to require phosphotyrosine for 

target recognition (Kavanaugh and Williams, 1994). Seven of ten isolated clones were 

overlapping sequence of the same protein that we have temed LNX (ligand of Numb, protein 15). 

The largest cDNA (2.5 kb) was used to screen a 16.5-day mouse embryo cDNA library to isolate 

the Ml-length cDNA and a protein of 728 residues was predicted nom the 2.8 kb cDNA that was 

isolated (referred to as LNX long). Conceptual translation of the cDNA revealed five conserved 

domains, an amino-terminal RING finger domain followed by four PDZ domains (Fig. 1-8). A 

peptide sequence containhg a possible PTB recognition site (LDNPAY) was identified between 

the RING tinger and the first PDZ domain. 

Northern blot analysis of adult mouse tissues for LNX expression revealed two major bands of 

2.6 and 2.8 kb. The 2.6 kb band was detected oniy in heart and brain while the 2.8 kb band was 

present in heart, lung, skeletal muscle and kidney. The presence of the two bands indicated that 

another isofom of LNX may exist. The 2.5 kb partial cDNA of LNX, onginally isolated h m  

the yeast two-hybrid screen, was used to Screen a mouse brain cDNA library to search for the 

other iso form. A smaller LNX cDNA was isolated that encoded a 628 residue protein referred to 

as L M  short. This protein contained an amino terminal seqwnce that is distinct h m  LNX long, 
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Fig. 1-8. Protein-protein interaction motifs in the two isoforms of LNX, 
LNX long and LNX short. The amino acid sequence is identical between 
the two isoforms fiom residue 132 of LNX long to the carboxy terminus. 



but it is identical to LNX long fiom residue 132 of LNX long (residue 32 of LNX short) to the 

end. To confirm that the two isofoms of LM< represented the two major bands seen in the 

northern, the same northem blot was hybndized with the cDNA encoding only the RING hger 

domain of LNX long. Bands of 2.8 kb w m  observed in heart, h g ,  skeletal muscle and kidney. 

This suggests that the shorter cDNA encodes a L N X  isoform that lacks the RING finger domain 

and has an unique expression pattern fkom LM< long. 

In vitro interaction between LNX and the Numb PTB domains was confirmed through two 

separate techniques (Dho et al., 1998). Ce11 lysates f?om LNX long transfected 293T cells were 

incubated with various GST PTB fusion proteins. The PTE3 domains fkom m . ,  mNbl and dNb 

precipitated L W .  It has now been shown that both PTB isoforms of mNb are able to interact 

with LNX @ho et al., 1999). In addition, overlay assays were performed to demonstrate direct 

interaction between rnNb PTE3 and dNb PTB with hemagglutinin (HA) tagged LNX long. 

Several GST fusion proteins encoding various regions of LNX were used to elucidate the region 

of LNX which interacts with mNb @ho et al., 1998). The fusion protein that included the NPAY 

sequence located between the RING figer and PDZI, called RING/NPAY, precipitated mNb 

from A43 1 ce11 lysates. However, the fusion protein containing PD21 and part of PD22 

interacted we&y with Nb. At the tirne it was thought that this interaction was non-specific, 

however, it has since been recognized that the mNb carboxy temiinal arnino acids resemble a 

PDZ recognition site (-SSDLQKTFEIEL*) and it is possible that mNb bound to this part of LNX 

via its carboxy-terminal tail. However we have subsequentiy shown that it is unlikely that this 

occurs (see Chapter 3 Section 3.3.1). 

The mNb binding site in LNX was mappad using several techniques @ho et al., 19%). 

Mutations in either the sequence in LNX predicted to be recognized by mNb or in the mNb PTE3 

domain were generated These results demonsh-ated that the mNb PTB domain recognizes the 

LNX 'LDNPAY' peptide seqwnce independent of tyrosine phosphorylation. As weli, the leucine 

(L), asparagine (N) and tyrosine CI) were show to be critical for recognition by mNb. These 

experiments characterize the novel protein LNX and its interaction with Nb in mammalian celis. 



The interaction is specifically demonstrated to occur between the PTB domain of Nb and the 

MAY motif found in both LNX long and LNX short. The function of the interaction between 

LNX and Nb in mammalian cells is unknown. 

The arrangement of protein-protein interaction domains in L M  lends itself to a role in protein 

complex scaffolding This scaffolding may be a mechanism by which LM( plays a role in the 

hinction of Numb in cell-fate signals or in directing its asymmetnc localization. In order to 

characterize the role of LNX in signal transduction and in relation to Numb fùnction, it is 

important to characterize the L M  pmtein and identify LM( PDZ binding partners. The goal of 

this thesis work was to perform a yeast two-hybrid screen to identify molecules that interact with 

LNX. The interactions between L M  PDZ domains and their target molecules were characterized 

using BiaCore analysis and in vitro binding experiments. In addition. endogenous LNX short 

protein was isolated using immunoaffinity and in vitro affinity purification employing 

recombinant proteins identified in the yeast two-hybrid screen. 

AH of the results presented in chapters two and three were generated by mysell. The BiaCore 

analysis in figures 3-2,3-3 and 3-4 were generated with the assistance of Denis Bouchard. The 

deletion mutant analysis in figure 2-1 3 and the in vitro mixing expenrnent in figure 3-5 were 

generated with the assistance of Matt Dermer. 



Chapteer LI Identiileation of molecules which interact with LNX via the yeast 
hvo-hybrid screen 

2.1 RATIONALE 

There are many methods for detecting protein-protein interactions. Biochemical methods involve 

studying the interacting proteins âirectly fkom ce11 or tissue lysaies. Library-based methods allow 

expression and interaction of proteins followed by isolation of the DNA encoding a protein of 

interest. One of our pnmary objectives was to identiQ pmteins that interact with LW; we 

therefore compared the available rnethods for identifjhp protein-protein interactions. 

Biochernical techniques that can be used to identify protein-protein interactions include afbity 

chromatography, affinity blotting ("far western"), immunoprecipitation or chernical cross- 

linking. Some of these methods allow for greater sensitivity so that weak or transient interactions 

cm be detected; others occur in a native or near-native envuonment, meaning that biologicai 

relevance of the interaction can be immediately established. However, it is ofien mon labor- 

intensive to identify the proteins with which the protein of interest is interacting Clsing these 

methods to detect protein-proteiu interactions, the protein of inierest is selected and purified. 

Identification of interacting proteins could occur either by directly sequencing the protein (e.g., 

Edman degradation, m a s  spectrometry) or by generating antibodies against the protein then 

using the antibodies to screen an expression library to isolate the gene. Biochemical methods 

wen not appropriate for our purposes, as we had not yet isolated endogenous LNX protein. 

Sevaal libmy-based methods for detecting protein-protein interactions are available and widely 

used. Library-based screens permit the gene encoding the interacting protein to be easily isolated 

and are perfomed in organisrns with rapid doubling times to allow screening to occur rapidly. 

Thus, a library-based screen would be most appropriate for this study. Several Iicbrary-based 

screening methods are compared below. 

Expression hitaries are cDNA Iitbraries that package into phagemids and c m  in.& theù DNA 

into bacterial celis. The bacteria are then induced to express the protein encoded by the cDNA 



and the proteins are immobilized. A labeled protein or peptide can then be used as a probe with 

the immobilized library proteins to dlow interaction to occur. This method permits ease of 

preparation of a probe (either fusion protein or chemically synthesized peptide) and 

manipulations of the probe in vitro if post-translational modifications are necessary. However, 

the proteins encoded by the library must fold within the bacterial cells, which may result in 

incorrect conformation. The proteins expressed in the bacterial cells must then bind to a 

nitrocellulose filter and retain their conformation under these conditions. The interaction between 

the library encoded protein and the protein or peptide used as a probe occurs completely in vitro 

and the investigator arbitranly imposes the conditions for interaction. Although this allows 

variation in the detection level of an interaction, these conditions may or may not reflect the 

intracellular situation. As well, the Library-encoded proteins cannot undergo most eukaryotic 

post-translational modifications inside E. coli. The interaction in an expression library screen 

between the probe and the immobilized prorein is not amplified as greatly as in the other library- 

based systems which causes decreased sensitivity in the screen. 

Phage display can also be used Cor identifying protein-protein interactions. in this method, the 

size of the library-encoded proteins is limited as they are expressed as a fusion to a phage coat 

protein. Again, the protein must fold within the bacterial ce11 and mua also in this case be 

secreted by E. coli to allow exposure to the protein probe. Interactions that occur are enriched by 

panning giving this assay high sensitivity. 

A method called 'peptides-on-plasmids* is another library bascd scmning method (Schatz et al., 

1996). in this case, libraries of mdom peptides are fused to the carboxy temiinus of the Lac 

cepressor protein (lad). Within the bacterial cell, LacI will recognize a Lac1 binding site (LacO) 

present on the same plasmid containing the gene that encodes the LacI fiision protein. The 

bacterial cells are lysed and panning of the lysate over immobilized probe allows peptides with 

wbich the probe can interact to be enriched. Each peptide that binds the protein probe carries 

dong wîth it the plasmid that encodes i t  The plasmid is  then eluted h m  the interaction complex 

for isolation and sequencing. This is a v e y  sensitive and unique assay that has been show to 

work well for PDZ domain containhg proteins (Stricker et al., 1997; van Haizen et al., 1998). 



The random peptides genmted may not occur in vivo yet they may be used to prrdict a 

consensus recognition sequence. 

The yeast two-hybrid system developed by Fields and Song (1989), exploits the modular nature 

of transcnptional activation (Fig 2- 1). There are two functions in initiation of transcription: 

DNA-binding for site-specific recognition and traascnptional activation. Two separate domains 

in the yeast GAL4 hanscriptional activation protein, that is, the DNA binding domain @BD) and 

the activation domain (AD), supply these two functions. These two domains can be physically 

separated into two proteins and when brought in close proximity, are able to act as the native 

transcnptional activator. Alternative DNA binding domains from other transcription activation 

proteins (e.g. LexA, large T antigen) have also been used successfully in combination with the 

GAL4 activation domain. 

in the yeast two-hybrid system, the cDNA encoding the protein of interest is fused to the cDNA 

of a DBD, in our case LexA, in a vector which drives the expression of the hision protein in the 

yeast cells (Fig. 2-1). A library of cDNAs which have been fused to the GAL4 AD cDNA are CO- 

expressed in the yeast cells. This allows interactions to occur between the protein of interest and 

an unknown protein encoded by a library cDNA. The protein-protein interaction is detected when 

the reconstituted transcriptional activator specifically initiates transcription of reporter genes, for 

example, îacZ and his i .  The expression of the enzymes encoded by these reporter genes is 

detected by P-galactosidase activity and restoration of histidine biosynthesis, respectively. 

There are several advantages of yeast two-hybrid screening for protein-protein interactions over 

other Library-based methods. The detection of an interaction is very sensitive because protein- 

protein interactions result in transcription of reporter genes and one interaction can cause many 

copies of the reporter gene to be tmscribed. The two reporter genes employai encode enzymes, 

which cataiyze the conversion of many substrate molecules to product. This serves to further 

amplify the signai; togethcr this ailows detection of weak interactions. It ha9 been cstimated that 

the minimal binding constant required to detect an interaction in this system is 1p.M (Phizicky 

and Fields, 1995). However, this value depends on the level of expression of the hybnd proteins 



LNX - full length LNX protein 
BD - LexA DNA Binding Domain (1-147) 

LACZ or HIS3 

AD - Ga14 Activation Domain (768-881) 
X -cDNA bybrid 

Fig. 2-1. Schematic diagrarn of the yeast two-hybrid system. Fusion proteins are 
coexpressed in yeast cens. If an interaction occurs between LNX and a libraryencoded 
protein, transcription of reporter genes is initiated. Enzyme activity is detected by eiîher 
galactosichise assay or growth in absence of histidine. 



and the number, sequence and arrangement of DNA binding sites adjacent to the reporter genes. 

Although phage display screens provide high sensitivity via panning, the yeast two-hybrid 

system allows high sensitivity without plachg size restrictions. The yeast two-hybrid screen c m  

also detect short-lived (transient) interactions. A protein-protein interaction need not continue to 

occur once transcription bas been initiated. Any transcribed mRNA that has been generated will 

be translated and active enzyme will be produced whether or not the original interaction is still 

occuming in the nucleus. 

There are also several differences between other library-based screew and the yeast two-hybrid 

screen with respect to proteh expression and interactions. In expression screens, phage display 

and peptides-on-plasrnids, the interactions al1 occur in vitro, Le., on nitrocellulose filter overlays 

or in a 96-well plate. A protein-protein interaction in the yeast two-hybrid screen occurs 

intracellularly which more closely reflects the native environment for interactions. As in bacteria, 

it is possible foi incorrect codonnation of the proteins to occur within the yeast. However, yeast 

is a eukaryotic organism thus somewhat more similar than bacteria to the eukaryotic organisms 

in which the protein of interest is naturally expressed. Within the yeast cell, more eukaryotic 

post-translational modifications are possible than in bactena. Thus the yeast two-hybnd screen 

provides an environment which better reflects the native setting for a protein-protein interactions. 

A final advantage of the yeast two-hybrid screen is that multiple clones encoding overlapping 

regions of one protein are often isolated which can serve to map the minimal region for 

interaction directly fiom an initial screen. As well, deletion or point mutations can easily be 

made in either hybnd protein for identifying specific sites of interaction between the two 

proteins. 

Thus, the yeast two-hybrid screen was chosen as the appropriate method for identification of the 

LNX PDZ targets. One disadvantage of this approach was the lack of publications describing the 

isolation of PD2 target proteins h m  a yeast two-hybrid screen. However, this method dowed 

us to rapidly screen wiih ail four PDZ domains of LNX within the iniracellular environment and 

to detect both weak and transient interactions. 



2.2 MATERIALS AND METHODS 

2.2.1 Subcloning of UVX cDNA into pBTMI 16 

LNX expression constructs were generated by PCR using the mouse cDNA for LNX long. The 

primen used were as follows. For PDZl (amino acids 264-376 of LNX), ACTGT CCCCG 

AATTC TTCCC AAGG (5') and CATCC CGAGG TCGAC AGGAG TCCG (3'). For PDZî 

(aa 367478) CGGGA GCAGG AATTC CGTAG C (5') and GCTGA TCCAG TCGAC TTCTT 

G (3'). For PDZ3 (aa 495-606) GGCCC AGGAG AATTC AACAC AGC (5') and GTGGT 

TGGAG TCGAC GGCTG C (3'). For PD24 (aa 625-728) GGTCC CCATC CGAAT TCATG 

TGG (5') and CTGTG GTT'ïG TCGAC GATCC ATC (3'). For the LNX long isoform GTTTC 

CTGAA TTCTA CACAG C (5') and CTGTG GTTTG TCGAC GATCC ATC (3'). For LNX 

short isoform, TGG GGA AAT GAA TTC ATT TGC T (5') and CTGTG GTiTG TCGAC 

GATCC ATC (3'). Some of these same primers were used in different combinations for 

generating pain of PD2 domains, e.g., for PDZlR the 5' primer for PDZl was used with the 3 ' 

primer for PD22. The PCR reactions contained 40 picomoles of each primer, 20 ng of full length 

LNX cDNA, lx Thermopol buffer (1Om.M KCI, 20 rnM Tris-HCI pH8.8,10 mM (NH,)2S04, 2 

m M  MgSO,, 0.1% Triton X-100), 20 picomoles of each deoxynucleotidetriphosphate and 0.5pL 

Vent DNA polymerase and sterile distilled water was used to bting the total volume to 100pL. 

The PTC-200 Peltier Thermal Cycler fiom MJ Research was used with the PCR programs 

consisting of thirty cycles of 1 min at 9S°C, 1 min of annealing at 5860°C and an extension 

period (1 min/kilobase) at 72OC. This was followed by an additional extension time (1 min4 

min) at 72'C to allow reactions to go to completion. 

To veria production of the correct size hgment of DNA, 10pL of the PCR reaction was 

separated on a 1.0 to 1.5% agarose gel. The total remaining volume of reactions with the correct 

size pmducts (90pL each) were combined for precipitation by adding 2.5 volumes of 100% 

ethanol and 0.1 volumes of 3M sodium acetate. The samples were then put at -20°C for 20 min 

and centrihged for 15 min at 12000 rpm. The pellet was washed with 70% ethaml, left to air 

dry, and resuspended in 16pL of lOmM Tris pH 8.0. To this was added 2@ of SuWCut Butrer 

H (Boehringer Mannheim, Germany), 1 pi, EcoRI (10 units) and 1pL SaII(l0 mits) restriction 

enzymes. The samples were inccubateà 2 hours at 37°C to allow digestion of DNA. At the same 



tirne, Spg of pBTM116 was digested with EcoRI and Sa11 and dephosphorylated by incubation 

with 1 pL of sbrimp aikaiine phosphatase (USB) for 30 min at 37OC and processed as foliows. 

Digested vector and PCR product were nui on 1 .O to 1.5% agarose gel. The appropriate shed 

kagrnent was excised, gel purifieci using the QiaExII kit (Qiagen) (described below) and 

quantified by agarose gel electrophonsis. Vector and PCR-generated inserts were ligated using 

50-100ng of vector and an appropriate amount of insert to maintain 1 :3 ratio of DNA hgment 

ends of vector:insert. Samples were incubated at 14T overnight then lef€ at room temperature 

for 3-4 hours the next day. Addition of 10pL of lOmM Tris pH8.O to each ligation brought the 

final volume to 2OpL. Transformation of 100pL of competent E. coli (DHSa) with lOpL of 

Iigation mixture was perfonned as follows. Cells and DNA were incubated together on ice for 20 

min and heat-shocked for 90 seconds at 42OC. 400pL of LB was added followed by incubation at 

37OC for 30 min. 100p.L, of this was spread on LB plates containing 100pg/mL ampicillin. 

Following incubation at 37OC, bacterial colonies were picked and screened for correct ligation 

product by rninipreps (Qiagen) (described below) followed by EcoRYSalI digestion of 10pL of 

miniprep DNA and separation on 1 .O-1.5% agarose gel. Plasmids containing the correct size of 

insert were then prepared by maxiprep (Qiagen) as described below then sequenced (Amgen, 

HSC or York). 

To create LexA DBD and GAL4 AD fusions of the LNX RING flnger, pBTMl16 (created by 

Paul Bartel and Stan Fields) was digested with EcoRVXhoI and pADGALA was digested with 

EcoWSalI and both were treated with phosphatase. The pGEX-RING construct @ho et al., 

1998) was digested with EcoRI and SalI. The appropriate vector and insert pieces were purified 

and quantitated and ügation mixtures were prepared as descnaed above. The ligation mixtures 

were transformed into E. coli (DHSa), selected and sequenced as d e m k d  above. Yeast 

cotransfomations were perfonned as descnbed in Section 2.2.5. 

The carboxy terminal 14 amino acids of the L61 clone (isolatecl h m  the yeast two-hybrid screen 

with LNX long, see Section 2-2-9) were removed during PCR amplincation. The 5' primer was 

ATT CGA TGA TGA AGA TAC CCC ACC and the 3' primer was CAG CTT CTC GAG TTC 

CTA AAT TTG, which created a prematute stop codon. The PCR reaction contained the 



components described above except the template used was the 20ng of L6 1 cDNA. niirty cycles 

of 9S°C for denaturation, 60°C for annealing and 72OC for extension was followed by 2 min at 

72°C to allow extension to go to completion. Correct size PCR products were concentrated then 

PCR product and pBRvlll6 were EcoRVXhoI digested. The vector was also phosphatase trwited 

and vector and insert were purified and quantitated as above. Ligation mixtures were prepared as 

above then transformed, selected and sequenced as above. Yeast cotransformations were 

perfomied as described in Section 2.2.5. 

2.2.2 DNA Punfcation 

2.2.2.1 Minipreps 

An overnight culture of 2mL LB + lOOpg/mL ampicillin was centrifuged to pellet the cells. The 

pellet was resuspended in 250pL of Buffer Pl (50rnM Tris-Cl pH8.0, lOmM EDTA, 100pg/mL 

RNase A). An equal volume of fieshly made Buffer P2 (1% SDS; 0.2M NaOH) was then added 

and mixed gently. Within 5 min of addition of PZ, 500pL of Buffer N3 was added and again 

mixed gently. The samples were centrifuged 20 min at 13,000 rpm. During this time a vacuum 

manifold was prepared with an appropriate number of QiAprep 8 strips. The supernatant was 

added to each column of the strip and a vacuum source applied to allow DNA in solution to bind 

to the column. The columns were then washed twice with LrnL of Buffer PE with vacuum. The 

vacuum was left on for five min more after the last wash to dry the membrane. The sûips were 

bloned dry and transferred to collection tubes. The DNA was eluted into the collection tubes with 

15Op.L o f  1ûm.M Tris pH8.O. 

2.2.2.2 Maxipreps 

A culture of l O M  LB+100pglmL ampicillin was grown overnight at 37°C with shaking. The 

celh were pelleted by centrifugation for 10 min at 5000 rpm then resuspendeâ in lOmL ofbutrer 

Pl (5OmM Tris43 pH8.0, lûmM EDTA, 100pg/mL RNase A). lOmL kshly made b u f k  P2 

(1% SDS; O.2M NaOH) was added and the sample was incubated 5 min at room temperature. 

Then lûmL of buffer P3 (3.OM potassium acetate pH5.5) was added and poured immediately 

into the barrei of the Qiafilter cartridge. The sample is then incubated 10 min at room 

temperature to ailow separation of phases. During this time, a Qiagen-tip 500 is equilirated with 



1 ûmL of buffier QBT (750mM NaCl, 50mM MOPS pH7.0,15% isopropanol, 0.15% Triton X- 

100). The separated sarnple in the Qiafilter cartridge is then plunged with supplied plunger into 

an equilibrated Qiagen-tipSOO and allowed to enter the column by gravity flow. The column is 

washed by gravity flow two times with 30mL of buffer QC (1 .OM NaCl, 50mM MOPS pH7.0, 

15% isopropanol). The DNA bound to the column is then eluted by gravity flow with 1 SmL 

buffer QF (1 .XM NaCI, 50mM Tris-Cl pH8.5, 15% isopropanol). To the elution, 0.7 volumes of 

isopropanol was added. The sarnple was then centrifuged 30 min at 15,000xg. The pellet was 

then washed with 5mL of 70% etbanol, left to air dry and resuspended in 0.5-1.0mL of 1OmM 

Tns pH8.0. DNA concentration was measured by OD,,. 

2.2.2.3 Fragment purification 

nie  excised gel slice was weighed in a microcentrifuge tube and 3 volumes of buffer QX1 was 

added to the gel slice. The QiaExiI beads were vortexed and 30pL was added to the 

microcentrifige tube. The sarnple was then incubated at 50°C for 10 min with vortexing every 2 

min. The sample was centrifuged for 30 seconds at 12,000 rpm and the beads were resuspended 

in 500pL buffer QX1 to wash. The washing was repeated two more times except with 500p.L of 

buffer PE. The pellet was air dried for 30 min at room temperature. When the pellet appeared 

white in colour, the beads were resuspended in 1 OmM Tris pH8.S. The sample was left for 5 min 

at room temperature to elute the DNA. The sample was centrifuged to separate the beads h m  

the eluted DNA. DNA was quantitated by electmphoresis and compared to siMlar molecular 

weight DNA standards of known concentration. 

2.2.3 Media and Piafes 

Luria-Bertani KB) bmth or dates: 

10g bacto-hyptone (Difco), Sg bacto-yeast extract (Difco) and 10g NaCl (Fisher) were dissolved 

in appmxllnately 800mL of water. The pH was bmugbt to 7.0 and water was added to a volume 

of 1 L and autoclaved. If used foc plates, 20g of agar was added per liter before autoclaving. 

Aitematively, 20g of LB broth base (Sigma) was dissoIved in 1L of water and autoclaved. 

SD broth or   la tes: 



6.7g of Yeast nitrogen base without amino aciddL (Difco) was dissolved in 860mL of water. For 

plates 20g a g a  was included. The solution was then autoclaved. Before use of bmth or pouring 

of plates, lOOmL of appropriate 10X amino acid dropout media and 40mL of 50% glucose was 

added, 

10X amUlo acid drmout media: 

300mg/L L-isoleucine, 15ûûmgL L-valhe, 200mg/L, L-adenine hemisulfate salt, 200mglL L- 

arginine HCl, 200mgiL L-histidine HCl monohydrate, 1000mg/L L-leucine, 200mgL L-lysine 

HCI, 200mg/L L-methionine, SOûmgR, L-phenylalanine, 2000mgL L-threonine, 200mgL L- 

ûyptophan, 300rngL L-tyrosine and 200mgL L-uracil were dissolved in 1 L of water and filter 

sterilized. Al1 amino acids were obtained ftom Sigma. The appropriate component(s) were 

omitted for the synthetic selection medium desired. 

YPD broth: 

20g Difco Peptone and log Difco yeast extract was dissolved in water and the volume was 

brought up to 960mL. The solution was autoclaved; befon use, 40mL of 50% glucose was 

added. 

M9 dates: 

Two separate solutions were made; the first contained 6g of Na&PO,, 3g KH2P0,, OSg NaCl 

and 1 .OgNH,CI in 500 mL of water and the second contained 1 5g agar in 500 mL of water. These 

two solutions were autoclaved separately then rnixed. Before pouring the plates, the following 

ingredients were added: 1 mL 1 M MgSO,, 100pL 1 M CaCl,, 4mL 50% glucose, 4mL O.Smg/rnL 

thiamine and lOmL of 2mg/mL uracil. 

2.2.4 Expression of LNXmion protein in noMfrmedyeast cells 

A 1 SmL culture of the yeast strain L40 (MATa, his3D200, tq 1-90 l,leu2-3,112, ade2, 

LY SZ::(lexAop).,-HIS3 URA3 ::(le~Aop)~-lad) transformeci with either pBTM 1 16 aione, 

pBTMll6-LNX long or pBTMlt6-LNX short (transformation as describeci below) was 

Uicubated with shaking in SD-tryptophan for 2 days at 30°C. Cells were pelleted and 

resuspended in 15mL sterile water containing 0.1M PMSF then transferred to a screwcap 

microcentrifuge tube. Cells wen centi.ifiiged 5 seconds at 12,000 rpm and two times the ceii 

pellet volume of 2xSDS sample buffér with O. LM PMSF was added. An equal volume of acid 



washed glas beads (Sigma) was then added and ihe sample was vortexed in the cold m m  3 

tirnes for 30 seconds each with incubation on ice for a minimum of 2 min between vortexes. The 

sample was then boiled for 3 min at 100°C and put on ice for 5 min. The sample was cenbRfuged 

for 5 min at 12,000 rpm, the supernatant was removed and 25pL of the ha1 sample was loaded 

into a 10% SDS-PAGE. nie separated proteins were then transferred to hobilon-P (Millipore) 

and blocked in 5% non-fat s k h  milk powder for 2 hours at room temperature. AfTbty purifid 

aJ3NPAY-L (produced as described in section 3.2.8) was then added at a dilution of 1 :250. The 

blot was left at 4°C overnight with gentle rnixing, washed five times for 5 min each in PBS + 

0.05% tween-20 (PBS-T).Then proteinA-HRP (BioRad) was added at 1 :3000 in PBS-T, mixed 

gently for 1 hour at room temperature and washed five times for 5 min each in PBS-T. The 

results were then visualized by ECL (Amersham). 

2.2.5 S m l l  scale yeast cotrunsfonnations 

A 5OmL culture of L4O in SD lacking m i l  and lysine was grown for 2 days at 30°C. 5mL of the 

culture was diluted into 300mL YPD, incubated at 30°C for 3-5 houn with shaking until the 

optical density at 600 nm reached approximately 0.5-0.6. The cells were centrifbged 5 min at 

2200 rpm at room temperature and washed in 25-50mL stenle distilled water. Cells were again 

centrifbged for 5 min at 2200 rpm at room temperature and then resuspended in 2mL TE/LiAc 

(1 0rnM Tris, I m M  EDTA, 1 OOmM LiAc). During this tirne, 1 pg of each of the desued DNA 

sarnples was mixed with IOpL of 10 mg/mL sonicated hemng spem DNA. A control containing 

no DNA but oniy sonicated herring sperm DNA was also made. To the DNA mix, 10pL of the 

cells in m i A c  was added followed by 0.6mL of PEG5iAc (40% PEG4000, lOmM Tris, ImM 

D T A ,  1Oûm.M LiAc); the sample was vortexed to mix. The sample was incubated at 30°C for 

30 min with shaking. To this was added 70p.L DMSO and the sample was mixed gentiy. The 

sample was incubated at 42°C for 15 min to heat shock, chiiled briefly on ice and then 

centrifugecl five seconds at 14,000rpm. The pellet was resuspended in 500@ of lXTE (10mM 

Tris, ImM EDTA, pH7.S). 1 OOpL of the sample was plated on appropriate SD plates. The pIates 

were inverted and iacubated for two days at 30°C. 



It was important to ensure that nonspecific interactions between bait molecules (LNX long, LNX 

short, each PD2 domain) and library-encoded pmteins (mouse embryo heart and lung or rat 

brain) would not be more prevalent than tnie positive interactions. To this end, 1 pg of each (bait 

and library) was cotransformed and plated on SD plates lacking leucine and tryptophan that 

contained varying amounts of 3-aminoûiazole (AT) (Sigma) (0,2,5, or 1 OmM). The level of AT 

at which no colonies grew was chosen as the amount to be used in the plates on which the library 

sale cotransformation was to be plated. 

2.2.6 Library scale cotransfomatiom 

A 50m.L culture of the yeast strain L40 in SD media lacking uracil and lysine was grown for two 

days at 30°C with shaking. lOmL of the culture was ùiluted into 250 mL of YPD and incubated 

for 4 to 6 houn at 3 7 T  with shaking until the OD reached 0.5-0.6. The cells were centrifuged 

for 5 min at 3400 rpm in 50mL conical tubes at room temperature. The pellets were resuspended 

in 12.5 mL LiAc mix (LW Tris pH7.4, ImM EDTA, lOOmM LiAc). The five fiactions were 

pooled and centrifuged for 5 min at 3400 rpm. The pellets were then resuspended in 1 .SmL LiAc 

mix and incubated in a 1 SmL round bottom tube for 60 min at 30°C with shaking at 200 rpm. 

During this the ,  a DNA rnix was prepared containing 60pL of lOmg/mL sonicated salmon 

spem DNA, 20p.L of lOXTE pH7.4,20pL of 1M LiAc, 100pg of cDNA library and 100pg of 

bait DNA (LNX long, LNX short or each PDZ). A control mix was also prepared containing ody 

5pL of sonicated salmon spem DNA. tn round bottom tubes, 250p.L of cells in LiAc mix was 

mixed with 40pL of DNA mix (contml: 100pL of cells with 5p.L soaicated salmon spem DNA) 

and mixed gently. The cells and DNA were incubated at 30°C for 30 min with no shaking. Then 

1.75m.L of PEG mix (40% PEG4000, lOmM Tris pH7.4, 1rnM EDTA, lûûmM LiAc) was added 

to each tube (700pL added to control tube) and mixed by inverting. The sample was again 

incubated for 45 min at 30°C with s h h g  at 100 rpm. Mer this incubation, the samples were 

mixed by inversion followed by heat shock for 15 min at 42OC. The ceils were then centrihiged 

for 1 min at 3400 rpm. The ceil pellet was resuspended in 500p.L SOS (SmL 2M sorbitol, 

3.35mL YEP broth, 6SpL LM CaCI, 1.5mL stexile water); ZOO@ was added to the control. 

These were then incubated for 20 min at 30°C with shaking at 200 rpm. AU fiactions were 

p l e d  (total volume appmximately 3mL) and 200pL was plated on lScm SD plates lacking the 



appropriate amino acids. The 200pL control was plated on a lûcm SD plate lacking leucine and 

tryptophan. Dilutions of 105,105 and 10" of the cotransformed cells were made and 100p.L of 

each was plated on SD plates lacking leucine and tryptophan to monitor the transformation 

efficiency. The plates were incubated inverted at 30°C between 2 days and two weeks. 

The library cotransformations perfomed with either PDZI, PD22 or PD23 as the bait plasmid 

were plated on SD plates lacking leucine, tryptophan and histidine. Each library cotransformation 

perfonned with LNX long or LNX short as the bait was performed simultaneously in duplicate 

and plates on SD plates containing either O or 2mM 3-arninotriazole (a cornpetitive inhibitor of 

the HIS3 gene) and without leucine, tryptophan, histidine, uracil and lysine. 

2.2.7 Selection of colonies 

As colonies appeared on the library transformation plates, they were picked and restreaked to SD 

plates without leucine and tryptophan. This confirmed that the colony had acquired two plasmids 

- one cDNA library plasmid and one bait plasmid. This also allowed for testing of the fl- 

galactosidase activity of the colony d e r  growth at 30°C for two days to CO& interaction. 

2.2.8 ~gaiactosidase assay 

A nitrocellulose filter (Schleicher and Schuell, Keene, NH) was overlayed on the plate with yeast 

growth to pick up colonies. The nitrocellulose was then placed on an aluminum foi1 boat yeast- 

side up and floated on liquid nitrogen for 10-1 Sseconds. The corners of the boat were pushed 

down to completely submerge the filter. After 30 seconds, the boat was removed h m  the liquid 

nitrogen and placed on a Whatman 6iter resting in the lid of petri dish soaked in 2.5m.L Z buffer 

(16. lg Na@PO4*7H,O, 5.5g NaH2P0,*H,0, 0.75g KCI, 0.25g, MgS0JH2O, pH7.0) containhg 

p-mercaptoethanol(2.7~mL Z buffer) and Xgal(10p.L of 4% Xgal (Boehnnger) in 

dimethylfonnamide//ml Z buflix). The petti dish is sealeci with parafilm and placed at 30°C until 

colour developed or for a maximum of 8 hours. 



2.2.9 Isol<tion of library cDNA front yeast 

Colonies that had p w n  on SD plates without histidine and had positive P-galactosidase results 

were selected for cDNA isolation. A SmL culture of SD-leucine was inoculated with the selected 

colony. The growth media included hyptophan to encourage the growing yeast to lose the bait 

plasmid and retain only the prey plasmid of interest. The culture was p w n  for 2 days at 30°C 

with shaking. The cells were then pelleted and resuspended in 0.2mL of yeast lysis b a e r  (2% 

Triton-X-100, 1 % SDS, lOOmM NaCl, IOmM Tris pH8.0, 1 .OmM EDTA). 100j~L of acid 

washed glas beads (Sigma) and 0.2m.L of phenol:chloroform:isoamylalcohol(25:24: 1) were 

added. This mixture was vortexed for 2 min then centrifuged for 5 min at 14000rpm to separate 

the layers. The aqueous phase was removed to a tiesh tube (approx. 200pL) and the plasmid 

DNA was salt precipitated. This was incubated at -20°C for 20 min then centrifùged for 20 min 

at 14000 rpm. The pellet was washed with 70% ethanol and left to air dry. The dried pellet was 

then resuspended in 20pL of lOmM tris pH8.0. To rescue the prey plasmid, 1OpL of DNA was 

mixed with 100pL of competent E. coli (MH6) and incubated on ice for 20 min. The cells were 

heat shocked for 2-5 min at 42OC and then 400pL of LB broth was added to allow recovery of 

the cells shaking at 37OC for 30 min. From this, 100pL of cells were plated on LB containhg 

lOOpg/rnL ampicillin and grown overnight at 37OC. 

Colonies containhg the leucine marker were selected and restreaked ont0 LB and M9 (minimal 

media) plates. Plates were incubated overnight at 37OC and those that were able to grow on M9 

were used to inoculate 2mL of LB+ampicilh. Cultures were incubated ovemight at 37OC with 

shaking and prepared by miniprep (Qiagen) as described above except that col- are washed 

once with Buffer PB before the two washes with Buffer PE. IOpL of plasmid DNA was digested 

with EcoRVXhoI to check insert size. Those clones containhg an insert were selected for 

maxiprep as in Section 2.2.2, sequenced and reûansformed with LNX long to confhn interaction 

and deterrnine specificity. 

Sequences were analyzed by BLAST and FASTA searches of G e n B d  were performed 

Matching or similar sequences were verifid with PILEUP and BESTFIT prognuns h m  GCG, 

Wisconsin Package. 



2.2.10 Con$hatiion of relevant interacting molecules 

Specific combinations of coûansformations were performed between LNX constructs and 

isolated clones as described in Section 2.2.5 except transfomed cells were plated on SD plates 

without leucine and ûyptophan. interactions were then assessed using the ~galactosidase assay 

(See Section 2.2.8) or restoration of histidine biosynthesis. After two days of growth on plates 

lacking leucine and hyptophm, 5-10 colonies were picked and dispersed in IrnL of sterile water 

to approximately equal turbidity. Dilutions of 1 : 10 and 1 : 100 were made and 12p.L of each of the 

three samples fiom each cotransfomation were spotted on plates lacking Ieucine, hyptophan and 

histidine. Mer spots dried at room temperature, plates were inverted and incubated at 30°C for 

two days. 



2.3 RESULTS 

2.3.1 Yeast two-Hybrid Library Screens with Individual PPDZ domains 

uiitially, yeast two-hybrid screens of cDNA libraries were perfonned with bait constructs 

encoding individual PDZ domains (constnicts as shown in Fig. 2-2). In the fïrst attempt, the 

yeast strain L40 was sequentially transformed with pBTM-PD21 and 100pg of the mouse 

embryo heart and lung library (gift of Nha Jones, Table 2-1). 9.264~10' transformants were 

screened and 62 colonies were Uiitially selected and restreaked to SD plates lacking leucine and 

tryptophan. The egalactosidase assay was performed on these plates and 25 of the 62 showed 

potential positive interaction. It is essential that positive interaction be seen in an isolated colony 

to reduce the chance that neighbouring cells containing different prey plasmids do not produce a 

false positive result. To c o n f h  that these were true interactions, the 25 clones were restreaked 

to produce isolated colonies and retested for P-galactosidase activity. ûnly eight of the 25 had 

isolated colonies that turned blue. The sequence of these eight clones revealed that four clones 

were either intron sequences or out-of-hime exon sequences, two encoded nbosomal proteins 

and were deemed not of interest and the final two had open reading kames (ORFs) of only five 

and seven arnino acids. 

A second attempt was made using sequential cotraasfonnation with pBTM-PD23 as the bait 

construct. 1 . 2 ~  106 tmnsformants were obtained and 30 colonies were selected. However, only 3 

of these 30 clones exhibited P-galactosidase activity. One cDNA encoded a transcription factor 

(gaaglioside expression factor) while the other two cDNAs had ORFs of seven or less amino 

acids. A third attempt involved shultaneous cotransfomation of the yeast strain L40 with 

pBTM-PD23 and the rat brain cDNA library (called concurrent cotransfomation). 1 .9Sx106 

transfomants were screened and 56 colonies were selected. Of these, only 5 were positive for 

p-galactosidase activity. Two of these clones were intron sequences and two clones had ORFs of 

seven or 28 amino acids while the fiAh clone had a large ORF (280aa) that matched an EST but 

not any k w w n  sequences. The carboxy tenniaai arnino wids of this protein are predicted to be - 
TQA GGT LGS FGM*. 

Two additional cotransfonnations of pBTM-PD24 or pBTM-PD21 with the rat brain l i b q  (@fi 





Table 2- 1. Outcome of yeast two-hybnd library screens performed with various LNX constnicts. 1 indicates mouse 
embryo heart and lung cDNA library supplied by N. Jones or rat brain cDNA library supplied by B. Snow. * indicates that 
no colonies 
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of Bryan Snow) were perfomed. The 2.8x1d or 1.3~10'~ cotransformed cells respectively, were 

plated on SD plates laclcing leucine, ûyptophan and histidine but containhg lûmM AT. Three 

colonies were selected fkom the pBTM-PD24 üansfomation but none of these colonies 

displayed P-galactosidase activity. Due to the numerous colonies that grew fiom the pBTM- 

PD21 cotransfonnation, a P-galactosidase assay was perfomed on ail the library plates. Only 4 

colonies were positive for P-galactosidase activity and these were selected for cDNA isolation. 

Al1 of these clones were either h m  non-coding regions or were exon sequences that were out- 

of-fiame with the GAL4 activation domain. 

2.3.2 Yeast W-hybrid library screen with LNX long 

Given that the above screens yielded mostly irrelevant clones, we reasoned that more relevant 

clones might be isolated if the entire LNX protein was used as bait. This was intended to address 

the possibility that the individual PDZ domains of LNX may require the presence of the other 

PDZ domains in order to retain proper conformation or to retain the ability to bind target 

molecules. Therefore, both the long and short forms of LNX hised to the LexA DNA binding 

domain were used to screen the mouse embryo heart and lung library. The experiments with 

LNX short are discussed in Section 2.3.5. 

A western blot confirmed the expression of the LexA DNA-binding domain-LNX long fusion 

protein (Fig. 2-3) and we therefore proceeded with the library screen. Cotransforrnation with 

100pg of a mouse embryo heart and lung library with the LexA DBD-LNX long hiion produced 

1 Sx106 transformants. Of the 77 colonies that were selected and restreaked h m  the library 

plates, 44 clones exhibited P-gaiactosidase activity. Examples of the P-galactosidase assay 

perfomed on library plates after several weeks of growth are shown in Fig 2-4. A flowchart of 

the pmcess of analysis of these 77 clones is shown in Fig. 2-5. 

2.3.3 Plasmid isoIation and sequencing 

Prey plasmid DNA was isolated h m  33 of the 44 selected colonies as eleven of the plasmids 

couid not be purifieci h m  the yeast strain and transformed into E. coli MH6 host celts. S e v d  

prey plasmids were cotramformed into L40 cells with L N '  long to check that intefaction could 



LAO 

Fig. 2-3. Lysates of LAO cultures &sformed with either 
pBTM116 or pBTM 1 16-LNX long separated by SDS-PAGE and 
western blotted with a-J3-NPAY-L polyclonal antibody. 

Fig. 2-4. Two examples of p-galactosidase filter assays fmm 
yeast two-hybrid library screen. fbgalactosidase assays 
petfomed as describeci in Section 2.2.8. 
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Fig. 2-5. Flowchart of selection of LNX long htenicting molecules. 



be observed with purified cDNAs. T h e  clones did not interact with LNX long and were 

therefore not pursued M e r .  Upon restriction digestion, three other clones were shown to have 

no insert and were also not pusued. The remaining 27 clones were sent for single-pass 

sequencing for preliminary identification. Ten of the 27 were deemed not of interest; eight of 

these ten encoded n%osomal proteins, collagen, cytochrome C subunits, testin (a secreted 

protein) or heat-shock proteins. One plasmid encoded the aglobiii cDNA but was not in the 

correct b e  for aglobin expression. Another plasmid consisted of repetitive intron sequence. 

These ten clones were not relevant to our purpose of studying LNX in signal transduction 

pathways. 

2.3.4 Confinningtheirtteraction with W X  

The seventeen clones that remained were transformed into L40 alone to determine whether they 

were able to autoactivate transcription of the reporter genes. Only one clone autoactivated and 

was not pursued. The remaining sixteen clones were cotransformed with LNX long or LNX short 

to confirtn interaction. Four clones did not interact with LNX long or LNX shon. Three of these 

clones encoded TI-225/polyubiquitiri (Ishiguro et al., 1996) and the other was a novel cDNA. 

The remaining twelve plasrnids interacted with LNX long; two of these twelve interacted with 

both LNX long and LNX short (L23 and L52). 

2.3.5 Studies with the LNX short M i o n  proteâ 

The hvo-hybnd screen with LNX short yielded L .A106 transfomants, however, none of the 

colonies which grew were b-galactosidase positive. A small culture of LexA DBD-LNX short 

transformed yeast cells was tested for expression of the fusion protein by western blotting with 

aLNX antisera. No specific band comsponding to the LexA DBD-LNX short fusion protein was 

detected (data not shown). This suggests that the fiision protein was not expressed. 

Doubts about the integrity of the LNX short hision protein are substantiated by the fact that not 

al1 of the clones that were able to interact with LNX long and an individual PD2 domain (see 

Section 2.3.6) were able to interact with LNX short. However, two of the clones were able to 

activate transcription when cotmsformed with LNX short which suggests that the protein is 



expressed, contrary to the results of the western blot. It may be that very low levels are 

expressed, that is, below the detedon level of western blotting. It is also possible that the protein 

does not adopt the comct conformation causing only the strongest interactions with LNX short 

to be detected. This is supported by the observation that some LNX long-interacting clones were 

able to interact with LNX short wtüle others only showed interaction with the individual PDZ 

2.3.6 Testing the twelve clones with individual PDZ domains 

The four LexA DBD-PD2 fusion protehs (Fig. 2-2) were cotransfomed with each of the twelve 

clones that interacted with LNX long. Seven of these twelve were able to interact with an 

individual PDZ domain (Fig. 2-6; Table 2-2). However, an interaction betwem PD23 and L61 

was ody observed in two out of three attempts. The seven clones able to interact with an 

individual PDZ domain were chosen for M e r  study in agreement with the purpose of these 

experiments, to identiQ the targets of the LNX PDZ. 

Thus, the remaining five clones rnay interact with LNX long +pendent of the PDZ domains. 

Two of these clones are idevant as they encode a portion of the coding region of TFG (Trk 

hsed gene) Cused to part of its 3' untranslated region. One clone encoded TRIP 13 (thyroid 

receptor interacting protein, GenBank accession no. L40834) which has been isolated ftom at 

least two other yeast two-hybnd screens (Lee et al., 1995; Schepens et al., 1997). The final two 

clones are identical and encode a novel protein that does not appear to have any known domains. 

They match several ESTs in GenBank (C76356, AA920753) and the carboxy terminal amino 

acids fit a type 1 PDZ consensus motif (SFWK PEE TWV*). This suggests that these clones 

were nonspecificaiiy recognized by LNX PDZ domains during the yeast two-hybrid screen. 

2.3.7 Identity of the seven LNX interacting proteins 

The fint clone, LIS, encodes the carboxy terminal portion of the previously identified protein, 

WWPl (Fig. 2-7). The cDNA encodes a region beginnïng appmximatety 80 amino acids Uito the 

HECT domain @ornoIogous to E6-Al? garboxy &rminus) (Huibregtse et ai., 1995) and continues 
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Fig. 2-6. Yeast two-hybrid assays for interaction of LNX, each PDZ or PDZ pair with seven clones. 
Column on lefi indicates bait constnict; row acrms top indicates clone. L40 cells were cotransformed 
as indicated and plated on minimal media lacking leucine and tryptophan. Two days later, 5-10 
colonies were picked and dispersed in 1 mL of sterile water. Dilutions of 1 : 10 and 1 : 100 in sterile 
water were also made, then 12 PL of al1 three dilutions were spotted on minimal media lacking 
leucine, tryptophan and histidine and incubated for two days. 
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to the carboxy terminus of WWP1. The carboxy terminal amino acids of LlS do not fit a PDZ 

consensus binding site (-FAIEET EGFGQE*). 

Two copies of another clone, L23/L52, were isolated (Fig. 2-8). This cDNA encodes the carboxy 

temiinal 123 amino acids of a novel protein that contains a type 1 PDZ recognition site at the 

carboxy terminal tail ( - W P G P  KGPTLV*) but no other lmown domains. A mouse gmomic 

sequence deposited in GenBank (AF1 09905) is predicted to encode a protein (AM841 53) 

similar to L52. This genomic sequence maps to chromosome 17 in the mouse. There are also 

many expressed sequence tags (ESTs) which are identical to L52, isolated fiom both mouse 

marnmary gland and thymus. 

The third clone, L42, has been previously identified as a Rab interacting molecule, PRAl 

(Janoueix-Lerosey et al., 1995; Martincic et al., 1997) (Fig. 2-9). There are two regions of 

hydrophobic residues in PRAI, which may be transmembrane domains, or the hydrophobic core 

of the molecule. The carboxy terminus of PRAl has a potential PD2 recognition site (-PAD GEE 

QLM EPV*). 

Another novel clone isolated, L47, does not contain any known domains (Fig. 2-10). In 

GenBank, there are 1 84 ESTs and one partial cDNA isolated h m  a pituitary tumour (PTDO 1 1, 

accession no. AF078864) that are identical to L47. The ESTs are expressed in many tissues 

including hem, kidney and skeletal muscle. The carboxy terminal amino acids (-KVG ISL LSS 

PHP*) do not fit a consensus for recognition by a PDZ domain; the isolated clone encodes 132 

amino acids. 

The clone L61 bas an open reading firame of 89 amino acids that encodes a novel molecule (Fig. 

2-1 1). There are no known domains found in the protein sequence predicted h m  the isolated 

L61 cDNA, however the carboxy terminus fits a type II PDZ domain recognition motif (- 

LEKU(N QNSFMV*). There an 56 mouse, rat and human ESTs that match this sequence. They 

have been isolated h m  many différent tissues and therefore L6 1 is predicted to be widely 







expressed. One of the human sequences that matches L61 has been mapped to the ngion 

10p 1 1.2- 10p 12.1 on human chromosome 10. 

The final clone isolated nom the yeast two-hybrid screen with LNX long, L65, is syntaxin5 (Fig. 

2-12). SyntaxinS is involved in vesicular fusion events by which proteins are transportecl Eom 

the eadoplasrnic reticulum (ER) to the golgi apparatus and mthin the golgi (Bennett et al., 1993; 

Nichols and Pelham, 1998). The carboxy-terminal20 amino acids of syntaxin5 are embedded in 

the organellar membrane. 

Table 2-2. Summary of the seven LM(-interacting clones selected for M e r  study 

CLONE 

LI5 

IDENTITY 

WWP1 
novel 
(NG23) 
PRAl 

Novel 

PDZ type 1 recognition site: 
PDZ type II recognition site: 

Novel 
syntaxinS 

C TERMINAL AMIN0 
ACIDS: 

FA1 EET EGF GQE* 
L 

KAP PGP KGP TLV* 

OF NOTE 

Nedd4-like 

Rab associated 
proiein 

PAD GEE QLM EPV* 

INTERACTS 
WlTH IN Y2H: 
PDZ2, PDZ2/3 
PDZI, PDZ2, 
PDZZ3 
PDW, PDZ3, 
PDZu3 
PD22 

SNARE 
complex protein 

KVG ISL LSS PHP* 
LEK LKN QNS FMV* PD23 

PDZ2, PDZU3 

2.3.8 Testing the PD2 pairjksion proteins with M X  interacting clones 

Fusion pmteins with the LexA DBD were constmcted of each of the adjacent pairs of PD2 

domains (PDZlR, PDZ2/3, PDZ314; see Fig. 2-2). Each fusion protein was tested to ensure that 

they were not able to autoactivate transcription of reporter genes. The PDZlR pair was not 

capable of autoactivation but was able to activate transcription of IacZ when expressed togethet 

with the GAL4 activation domain alone (that is, empty pADGAL4). The seven clones thnt were 

able to interact with an inâividual PDZ domain were each cotiansfonned with the PDZ pairs. 

Five clones were also able to interact with a PDZ pair (Fig. 2-6). AU clones nonspecifically 

interacteci with PDZ112. 





2.3.9 LNX interaction with the cduxy-terminal tail 

Sirice PD2 domains are predicted to interact with carboxy terminal amino acids, we wished to 

explore whether LNX interacts with the carboxy terminal tail of the isolated clones. Although 

mutation of al1 six clones was planned, only one consûuct was cornpleted due to t h e  constraints. 

A constnict encoding the L6 1 clone lacking the carboxy-temiinal 14 amino acids was generated 

by PCR. When cotransfomed with LNX long in yeast, the interaction no longer o c c m d  as 

indicated by the inability to grow on media lacking histidine (Fig 2-13). This suggests that the 

carboxy temiinus of L6 1 contains a recognition site for a LNX PDZ. 

2.3.1 O MVGjinger interactions 

Since another RING figer containing protein had been shown to be able to homodimerize 

through its RING finger domains (Inouye et al., 1997). a construct encoding the RING h g e r  

domain hsed to the GALA AD was generated. This constnict was cotransfomed with one of two 

LexA DBD Fusion proteins: the RING figer domain and the full length LNX. No interaction 

was seen in either case (data not shown). As well, the LexA DBD-RING fusion was 

cotmsformed with several of the clones isolated in the LNX long screen (e.g. L 13, LI 7, L23, 

L52, L61, L65). none of which interacteci with the isolated RING finger domain. 



2.4 DISCUSSION 

We have used a yeast two-hybcid screen to identiQ proteins that interact with the PDZ domains 

of the Numb-binding protein, LNX. A library of cDNA molecules nom mouse embryo heart and 

lurig tissues was screened with LNX long. Isolated clones were assessed for their ability to 

interact with an individual PDZ domain or a pair of PDZ domains nom LNX. Seven clones were 

identified as specifically interacting with the LNX PDZ domah. One of these clones, L61, was 

shown to require its carboxy terminal 14 amino acids to maintain LNX binding which is 

consistent with a PDZ domain-mediated interaction. A study of the RING finger domain of LNX 

long revealed that LM( is not able to homodunerize through this domain. 

2.4.1 The yemt two-hybrid libres, screen and PD2 domains 

in the last two years, several PDZ domain containiag molecules have been identified through 

yeast two-hybrid screens with intracellular portions of proteins (Bruckner et al., 1999; Hasegawa 

et al., 1999; Hock et al., 1998; Torres et al., 1998). Very few clones were isolated in each of 

these screens (i.e., one or two) yet M e r  analyses of these proteins indicate that the interactions 

identified may be biologically relevant. There are also many recent exarnples of yeast two-hybrid 

screens using PDZ domain containing proteins in whole or in part as bait (Cuppen et al., 1998; 

Jaffiey et al., 1998; Kim et al., 1998; Masuko et ai., 1999; Niethammer and Sheng. 1998; 

Schepens et al., 1997). In each case, a low number of specific clones (i.e., 1 - 1 2) were isolated 

nom the screens. These examples illustrate that yeast two-hybrid screens utilizing PD2 domains 

or PDZ recognition sites often identify a low number of interacîing molecules. This may indicate 

either that interactions involving PDZ domains do not readily occur in yeast or that these 

interactions are more selective than two-hybrid screens with other types of bait molecules. In 

many of these examples, biochemicai techniques were used to complement the msults and 

suggest that the interactions are biologically relevant. This would indicate that yeast two-hybrid 

screens involviag PDZ domain containing-pmteins a~ generally successhil and identify 

biologicdly relevant intefactions for fiiture study. 



2.4.2 Yem two-hybrid screen with PD2 dumain-containing proiein. LN. 

From the examples discussed above, a trend emerges whereby a relatively mal1 number of 

clones are isolated h m  yeast two-hybrid screens in which the bait coastnict either c o n t a  a 

PDZ domain or a PDZ domain binding site. This is in agreement with the results obtained here. 

A very mal1 number of clones were isolated h m  the screeris perfomed with either individual 

PDZ domains (less than 8) or with the fiil1 length molecule (1 2). 

The screen using the short brm of the LNX protein did not ident@ any interacting clones. This 

may be due to littie or no expression of the LNX short protein or incorrect folding of the 

expressed protein inside the yeast cens. Attempts to identify the LexA DBD-LNX short fbsion 

protein by western blot analysis were unsuccessfil. This could indicate that the either fusion 

protein is not expressed or the expnssed protein is cleaved by intracellular proteases. This fusion 

protein contained a large linlcer region between the LexA DBD and the initiahg methionine of 

the LNX short protein (23 arnino acids). This rnay have led to, or at least contributed to, 

misfolding or cleavage pmblems. The fact that two of the seven clones isolated Erom the LNX 

long screen were able to interact with LNX short suggests that the fusion proiein is expressed. 

However, it is likely that some misfolding of LNX short occurs making interactions more 

difficult or much weaker and thus below the level of detection in this assay. 

2.4.3 Seleciion of PLI2 domain interacting clones 

The yeast two-hybrid screen with the fiil1 length LNX long protein was the most successfùl of the 

screens attempted. Seven clones were obtained which were able to interact with an individual 

PD2 domain in the yeast two-hybnd system. Fucther anaiysis of these clones may contribute to 

our understanding of the function of LM(. within the ce11 as well as the role of LNX with respect 

to Numb. 

L LS encodes part of the carôoxy terminal HECT domain of a mouse homologue of the human 

protein WWP 1. HECT domains have been shown in vitro to act as E3 ubiquitin ligases. S e v d  

publications bave demied the isolation of WINPL h m  other Lirary based scr-. The 6rst 

group utiIized peptides containhg pndicted WW domain binding sites to screen an expression 



library for novel WW domain containhg proteins (Pirozzi et al., 1997). One of the partial 

cDNAs isolated, tenned WWP l , contains four WW domains foiiowed by a partial HECT 

domain. WWPl was also isolated from a yeast two-hybnd screen employed to isolate proteins 

that interact with atrophln-1 in the vicinity of its polyglutamine repeat (Wood et al., 1998). 

Northem blot analysis revealed that WWPl is widely expressed with particularly high expression 

in heart and skeletal muscle. This is an interesting overlap with the restricted expression pattern 

of L M ;  both foms of LNX are expressed in heart while only the long fom of LNX is found in 

skeletal muscle. 

WWPl is a member of a farnily of proteins similar to Nedd4 (Corne11 et al., 1999; Pirozzi et al., 

1997). The role of Nedd4 in mammalian cells is to interact with the subunits of the epitheliai 

sodium channel (Staub et al., 1996; Staub and Rotin, 1997). Thus, WWPl may also have a role 

in binding to a transmembrane or membrane-associated complex; this is very sirnilar to the 

predicted role of LNX. hterestingly, RNOS, a PD2 domain-containing protein, is known to 

associate via al-syntrophin with the dyshophin complex (Brenman et al., 1996; Brenman et al., 

1 995). Dystrophin is a WW domain-containhg protein fouad in a multiprotcin, membrane 

associated signaling complex important for muscle ce11 Function (Pirozzi et al., 1997). In the 

same way, WWPl and LNX rnay work in concert to nucleate multiprotein signaling complexes 

at the membrane. 

Recently, a new member of the Nedd4 family was identified in Drosophila when the gene 

encoding the Suppressor of Deltex (Su~h))  mutation was cloned (Comell et al., 1999). Su(dx) is 

known to be a negative regulator of the Notch pathway, as is ch%. It is very interesting to note 

that in Drosophila there is a connecrion between Notch and a Neddelike molecule while in 

mammals there is a comection through LNX between Nb and another Ncddeülce molecule. 

The carboxy terminai amino acids of WWPl do not match a PDZ recognition site thus LNX i s  

most likely to recognize WWPl at an intemal site. The site of interaction between LNX and 

WWPl could be mapped by creating several GALA AD fusion proteins of different ngions of 

WWP 1 and testing their ability to hteract with LNX or an individual PDZ domain. 



The second known protein identified in the L W  yeast two-hybrid screen was PRA1, which is a 

Rab associated protein. Rabs are mal1 GTPases of the RaclRho family found Ui submembranous 

regions as well as associated with intracellular vesicles. Rabs are associated with either GDP 

(inactive form) or GTP (active form). Rab also cycles between the prenylated and uaprenylated 

state, which alten its ability to associate with the membrane. PRAl was identified in two 

different yeast two-hybrid screens for Rab-interacting molecules (Janoueix-Lerosey et ai., 1995; 

Martincic et al., 1997). PRAI was found to interact with both Rab5 and Rab6 in the yeast two- 

hybrid system but it appeared to preferentially interact with the GDP bound form of Rab6 

(Janoueix-Lerosey et al., 1995). PRAl mRNA and protein are both widely expressed in rat 

tissues (Martincic et al., 1997). PRAl is capable of interaction with Rab3A and VAMPZ, 

although forms of Rab3A that could not be lipid modified were not able to intcract with PRAI. 

VAMP2 is known to be a downstream target of Rabs and a component of SNARE complexes 

involved in synaptic vesicle fusion to target membranes. These experiments suggest that PRAl 

can bind to several Rab proteins and is involved in general Rab GTPase hinction. PRAl has a 

potentiai PDZ recognition site at its carboxy terminus (-PAD GEE QLM EPV*). If an interaction 

occurs between LNX and PRAl in vivo, this may indicate a d e  for LNX in intracellular vesicles 

and/or fusion of these vesicles to target membranes. 

SyntaxinS is involved in membrane hision events during ER to golgi transport and inûa-golgi 

transport (Nichols and Peîham, 1998). The 20 carboxy temiinai arnino acids of syntaxin5 are 

known to be embedded in organellar membrane therefore we would p d c t  that an interaction 

between LNX and the carboxy terminus of syntaxinS is not possible in vivo. It is possible that the 

hydrophobic tail of syntaxins was not embedded in the membrane when expressed in yeast and 

therefore was availabte for binding by the LNX PDZ domains rmultïng in a forhitous 

interaction. Several PDZ domains have been shown in the past to prefefentialiy recognize 

sequences containing hydrophobic amino acids, caîled a type II PDZ recognition site. Thus, a 

non-specific interaction between a LNX PDZ and the hydrophobic tail of syntaxin5 rnay have 

occumd. However, an interaction between LNX and syntaxinj is st i l i  possible through an 

intemal site on syntaxi.116. If an interaction does occur between LNX and syntaxinj, this wouid 



comspond well with an interaction between LNX and PRAl and a role in intracellular vesicles, 

possibly in the trans-golgi network. 

It is dinicult to predict the role of LWLS2, L47 and L61 since they are novel and do not 

resemble other known proteins. Some relevant information about L6 1 may be obtained from a 

hurnan EST matching the L6 1 cDNA that has been mapped to lOp 1 1.2- 1Op 12.1. Many cancers 

are linked to this regioa such as primary sarcomas (Tarkkanen et al., 1999), lymphoma (Bea et 

al., 1 999), bladder cancer (Simon et al., 1 W8), glioblastoma multiforme (Mao et ai., 1 999), 

astrocytoma (Nishizaki et al., 1998) and neuroblastorna (Alhira et al., 1997). The carboxy 

terminal arnino acids ofL61 fit a consensus type II PDZ recognition site. in support of diis, we 

showed that deletion of the 14 carboxy terminal amino acids fkom L61 results in the loss of 

interaction between LNX and L61 in the yeast two-hybrid system. This would suggest the 

interaction bebveen L M  and L61 is mediated by PDZ domain recognition of the carboxy 

terminal arnino acids of L6l. It will be important to isolate the full length sequence of each of 

these three clones and detemine their expression patterns in order to establish how they are 

involved in LNX fùnction. 

2.4.4 Preliminaty RNG jinger sr~dies 

The RING finger of the yeast protein Ste5 is able to homodimerize through its RING figer 

domain (Inouye et ai., 1997). Therefore we tested the ability of a GALL) AD fusion of the LM< 

long RING finger domain to interact with either LexA DBD-RING or LexA DBD-LNX long. No 

interaction was seea with either fusion protein, suggesting that the RING fhger domain of LNX 

long does not homodimerize. As mentioned above, there were two clones that interacteci with 

LNX long but did not interact with an individual PDZ domain. These were coûansformed with 

the LexA DBD-RING hger domain but no interaction was seen. 



Chapter III Characterizrition of the interactions between LNX PD2 domains 
and their interaction partners 

3.1 INTRODUCTION 

We have identified six proteins nom a yeast two-hybnd screen that intcract with the PDZ 

domains of LNX. We then utilized in vitro rnethods in order to validate these interactions. 

Surface plasmon resonance is used to detect protein-protein interactions and measure binding 

afhities in vitro. A protein or peptide of interest is immobilized and a second protein flows past 

the imrnobilized protein in a fluid phase. If an interaction occurs between the two proteins, a 

change in optical properties is detected by the apparatus and reported in real-time. Using this 

technique, we undertook a study to 1) confirm the interactions observed in the yeast two-hybnd 

system and 2) test for novel interactions between LNX PDZ domains and potential targets. These 

potential targets are previously identified proteins that were selected on the basis of function and 

carboxy terminal sequences that contain potential PDZ bindhg sites. 

A second approach to conf'irm the interactions observed in the yeast two-hybrid system involves 

recombinant fwion proteins. These hision proteins were tested for their ability to bind 

exogenously expressed LNX in ce11 lysates. This method was utilized because appropriate 

antibodies andor techniques were no t available b t identimg the endogenousl y expnssed 

proteins. Recombinant proteins are often produced as a hision of the protein of interest with a 

large molecular tag, for example, glutathione-S-tramferase (GST) or maltose binding protein 

W P ) .  These fusion proteins cm be expressed at high levels in bacteria and are easy to purify 

via their affinity for glutathione and maltose, respectively. in this chapter, we have createâ GST 

frisions of the proteins identified by the yeast two-hybrid screen to ver@ their interaction with 

LNX. 

Once a protein-protein interaction is verified in vitro, the next step is to demonstrate that the 

interaction occurs in viim and determine its biological relevance. This requires appropriate 

methods and antilbodies to detect the endogenous protein. Thus, it was important in studying 

LNX and its interaction partners to cstabiish a method by which endogenous LNX protein cm be 



detected and isolated. Endogenous proteins may sometimes be difficdt to detect because they 

may be expressed at a very low level or be located within a region of the cell, such as the 

submembranous region, h m  which it is difficult to extract proteins. Previously we have shown 

restricted expression of LNX mRNA and have been unable to detect endogenous LNX in ceii 

lines commoniy used in our laboratory. This suggests that either the protein is not expressed in 

ce11 lines or we are not able to extract it. As a fint step to being able to study the LNX protein 

and its binding partaers in vivo, we sought to identiq endogenous LNX using tissue lysates 

prepared b y a modifieci tec bique. 



3.2 MATERIALS AND METHODS 

3.2.1 Subcloning directly or by PCR 

GST fusion proteins of each of the LNX PDZ domains were generated by PCR with the primers 

and methods as described in Section 2.2.2. The only exception is that the recipient vector was 

pGEX4T1 in place of pBTM116. For subcloning PDZ pairs h m  pBTMl16 to pGEX4T1, Spg 

of pBTMlI6-PD2 pairs were digested with EcoRUSalI, pGEX4T1 was prepared as described in 

Section 2.2.1. 

The isolated cDNA fiom six clones (LIS, L42, L47, L52, L61, L65) were excised nom 

pADGAL4 by EcoRVXhoI or EcoRVSa1.I digestion and ligated into pGEX4TI EcoRySaiI 

digested as described under Section 2.2.1. GST fusion proteins were produced as described under 

Section 3.2.2. 

3.2.2 Prepuration of fusion proteins expressed in E. coli (BL21) c e h  

Constructs encoding GST fusion proteins of LNX PDZ domains and adjacent pairs of PD2 

domains were transformed into Exoli (BL21) as described for E.coli (DH5a) except that 

transformed cells were plated on LB plates containing 100pg/mI, ampicillin and 50pg/mL 

kanamycin (LB+amp+kan). One colony fiom these plates was chosen to inoculate a 50mL 

culture of LB+arnp+kan and incubated ovemight at 37OC with shaking. A portion of the culture 

(5 to I O m L )  was diluted the next momlng into 250mL LB+amp+kan and incubated for 2 hours at 

37OC with shaking. The culture was then induced to express the GST fusion proteins with ImM 

isopropylthiogalactoside (IPTG, Boehringer Mannheim) and incubated for a M e r  3-6 hours at 

30°C or 37OC. It was found that the most efficient expression of each fusion protein occurred at 

the foilowing incubation times and temperatures: PDZl was induced for 3 hours at 30°C, PD22 

and PD23 were induced for 3 hours at 37°C and PDZ1/2, PDW3 and PD2314 were induced for 

5 hours at 30°C. The induced ceiis were then pelleted by centrifugation for 10 m h  at 4000-5000 

rpm. The pellets were resuspended in 10-25mL of PBS (8g NaCI, O.2g K I ,  1.44g NSHW,, 

0.24g KH2P0,, pH7.4) contauillig Complete@ protease inhibitor tablets (PBS+) (Boehringer 

Mannheim) and sonicated 2-4 times for 20 seconâs with one-second-on/one-secondaff bursts. 

The sonicated cells were incubated on ice for 5 mis d e r  addition of Triton-X-100 (Sigma) to a 



final concentration of 1%. The mixture was centnfuged 30 min at 12000 rpm. The supernatant 

was mixed with 100-250pL glutathione sepharose beads (Pharmacia) that had been washed once 

with PBS containhg 1% Triton-X-100 and Complete@ pmtease inhibitor tablets (PBS*). The 

GST fusion proteins were bound to the beads by incubation for 15 mui at 4OC with gentle 

mixing. The glutathione sepharose beads were washed three times with PBS* then washed two 

tirnes with PBS+. The beads were then resuspended to 50% with PBS+ containing ImM 

dithiothnitol and a 10pL sample was removed and checked on 10% SDS-PAGE stained with 

Coomassie Brilliant Blue (2.5g Coomassie Brilliant Blue dissolved in 200mL glacial acetic acid, 

900mL methanol and 900mL H,O). 

3.L3 Eltition of Fusion Proteinsjbm Glutathione Sepharose Beads for BiaCore siudies 

Mer quantification, GST fusion proteins were eluted fiom the sepharose beads by incubation 

with elution buffer containing 5-lOmM glutathione, 50mM tris pH8.0 for 20 min at 4OC. The 

beads were pelleted and the supernatant was removed; this was the primary elution. To each 

elution, 1m.M dithiothreitol was added to prevent oxidation. These steps w e n  repeated for a 

secondary elution and the remaining beads were resuspended to 50% with PBS+ containing 

1mM dithiothreitol. A 10p.L sarnple of each elution and the hision protein that remaineci on the 

beads was taken to be checked on 10% SDS-PAGE stained with Coomassie Briiliant Blue. 

3.2.4 The BiaCore apparatus 

N-tenninally biothylated peptides were made by various sources (Amgen and HSC Laboratory 

Services). The peptides were dissolved to Lmg/mL concentration in lOmM Tris pH 8.0 and 

imrnobilized on streptavidin coated chips on the BiaCore apparatus. The purified GST fusion 

proteins were injected at ImM into the BiaCore fiow chamber for exposure to immobiiized 

peptides. If binding occurced between a peptide and the fusion protein, a change in optical 

properties was dispfayed as Resonance Units (RU) by the BiaCore program. 

The detection chamber of the BiaCore apparatus is composed of three layers: a laya of glass, a 

50 nrn layer of gold and a liquid layer in which the peptide of interest is immobilized (Fig. 3-1) 

(OIShamessy et al., 1994). Plane-polarized, monochromatic Light învels thmugh the g las  layer 
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evanescent wave 

Hg. 3- 1. The theory of plasmon resonance. A beam of light that is plane-polarized and 
monochromatic i s  shone through a glass layer and, below a critical angle (6c) of incidence, 
undergoes totai intemal reflection (TIR). At a specific angle, the evanescent wave emitted 
by the reflected light induces resonance in the plasmons of the 50 nrn thick layer of gold. 
The angie at whiçh plasmon resonance occurs depends on the refractive index of the 
adjacent solution. .._. . . 



and undergoes total htemal reflection (TIR) when incident below a critical angle (93. As TIR 

occurs, a component of the momentum of the plane-polarized light, called the evanescent wave, 

peuetraies into the liquid layer up to a distance of one wavelength. At a specific angle of 

incidence, this evanescent wave is able to induce plasmons (fiee oscillating electrons) in the gold 

layer to resonate which causes a decrease in intensity of the reflected light. The angie at which 

resonance of the plasmons occm depends on the rehctive index of the adjacent liquid layer; the 

rehctive index of the liquid layer depends on its composition. Therefore, when a protein 

interacts with the peptide, the composition of the iiquid layer is modified which alters its 

refiactive index. The change in rehctive index alters the resonance angle, which is then detected 

by the BiaCore apparatus. A 0. L0 change in the resonance angle nsults in an output of 100 

response units. 

3.2.5 Transient expression of FL4G-LM in 293 T cells 

An expression construct of the pFLAGCMV2 (Sigma) vector containing the LM( long cDNA 

was a gift of Sascha Dho. 293T cells were grown at 37OC in DMEM+10% FBS containing 

100pg/mL penicillin, lOON stnptomycin and 2m.M glutamine. These cells were transfected at 

50-60% confluency with 5-10pg of pFLAGCMV2-LNX long using OPTI-MEM and 

lipofectamine (GibcoBRL). Briefiy, 5-1 Opg DNA and 8pg lipofectamine reagent were separately 

mixed with 800pL of OPTI-MEM then mixed together and incubated at room temperature for 

15-40 min. Cells were washed once with sterile PBS. Thm, 1.6mL of the DNA-lipofectamine 

mixture was brought to 8.0mL with OPTI-MEM and this was added to the washed cells. Mer 

incubation for 5 hours at 37OC, the DNA solution was removed and lOmL of growth meàia was 

adàed. Mer incubation ai 37OC for 24-36 hours, cells were lysed in !mL PLC Lysis buffer 

( 5 W  HEPES pH7.5,lSûrnM NaCl, 10% glycerol, 1 .SmM MgC4,1% Triton-X-100, l m .  

EGTA, lOmM N q ,  lOOmM NaF, Complet& protease inhiiitor tablet) and centrifigeci 20 min 

at 14000 rpm. The supernatant was removed and stored at -80°C until use. 

3.2.6 Wmtm blotting 

Samples (20p.L unless otherwise stated) were separated by 8.10 or 12% SDS-polyacrylamide gel 

electmphorrsis (PAGE). Separated proteins wexe transferred to ünmobilon-P (MiIlipore) either 



by a semi-dry or a submerged transfer apparatus (BioRad).  obii ion-P was blocked in 5% 

nonfat, skim mik powder dissolved in PBS (blotto) for 1-3 hours at room temperature. An 

appropriate antibody was added at specified concentration and incubated with mixing at 4OC 

ovemight. immobilon-P was washed five times for 5 min each in PBS containing 0.05% Tween- 

20 (Sigma) (PBS-T), then incubated with either protein A-HRP (BioRad) at 1 :3000 concentration 

in PBS-T for one hour at room temperature or with goat anti-rabbit-HRP (BioRad) at 1 :30000 

concentration in 5% blotto for 45 min at room temperature. Immobilon was then washed five 

times for 5 min each in PBS-T. Either ECL (Amersham) or Cherniluminescence Reagent Plus 

(NEN) was used to develop blot according to manufacturer's instructions. 

3.2.7 Production and afinity purtpcation of an tibodies 

Three peptide antibodies were generated against different regions of L M .  aLNX-N rabbit 

polyclonal antibody was raised against a peptide antigen of amino acids 2-13 of LNX long 

(H2N-NQPDLADDPDPSPEPLC-COOH). aMid43 was raised against a peptide sequence fiom 

within PD22 of LNX (H2N-CVSRQVRQSSPDIFQE-COOH) and aJ3-QED was raised against 

a sequence found between PD23 and PD24 oPLNX (H2N-CVLKALEVKEQETQED-COOH). 

Keyhole limpet hemocyanin-conjugated peptides were generated and used to immunize rabbits. 

The antisenun was tested for reactivity against in vitro transcnied and translated LNX long 

cDNA (pFLAG-LM() produced in a T7 TNT-coupled nticulocyte lysate reaction (Promega). 

Five pl of the reaction was boiled in an equal volume of SDS-sample buffer, separated by SDS- 

PAGE and immunoblotted as described above. 

aLNX-N, amid-J3 and d3-QED rabbit polyclonal antibodies were individually atnnity purified 

using the SuifoLink Kit h m  Pierce (Rockforci, IL). Briefly, 5mg of each of the above peptides 

were dissolved in 1 mL of Sample Preparation Buffer and coupled to a SulfoLink Coupling Gel 

column according to manufacturer's uistnictions. Cnide serum was incubated with the 

appropriate column for 1 hour at room temperature with gentle mixing; the column was then 

washed with 16mL of PBS. The purîtied a n t i i e s  were eluted h m  the column with the 

addition of 8mL of Tmmunopurc IgG Elution Buffer and collection of ImL fiactions in 

microcentrifbge tubes containing 50fi of 1M Tris pH9.5. The presence of protein in each 



fiaction was measured by absorbance at 280nm; the fiactions containing protein were pooled and 

dialyzed ovemight at 4OC against PBS. Protein concentration was measured by both absorbance 

at 280nm and SDS-PAGE and Coomassie stainllig of the gel. 

aJ3NPAY-L rabbit polyclonal antibody was raised against a GST fusion protein of the NPAY 

region of LNX long. The GST-LM M A Y  fusion protein was purified by glutathione affuiity 

chromatography and used to immunize rabbits. The antiserurn was tested for reactivity against 

the GST-fusion Mmunogen and FLAG-LNX that had been transcribed and translated nom 

pFLAG-LNX cDNA as described above. 

aJ3NPAY-L rabbit polyclonal antibody was affinity purified by the following method. A 

nitmcellulose filter was incubated with bacterial lysate expressing GST for 1 hour and then 

blocked with BSAlovalburnin in TBS (8g NaCI, 0.2g KCl, 3g Tris base, pH7.4 in 1L) for 30-60 

min. M e r  a quick  se with TBS, the nitrocellulose was incubated with cmde serum to remove 

antibodies recognizing GST or other bacterial proteins. During this time a second nitrocellulose 

filter was incubated with purified GST43NPAY-L constnict for 1-2 hours, washed briefly with 

TBS and blocked for one hour with BSA/ovalbumin. Again after a brief wash, this second 

nitrocellulose was incubated with the precleared serum for 1-2 hours at room tempe- or 

ovemight at 4OC. The niüocellulose was then washed 3 4  tirnes with TBS containing 0.05% 

Triton X- 100 (TBS-T) and two times with TBS. Adding I mL of O.2M glycine pH26 for 

approximately 2 min eluted the purified antibody. The solution was removexi and added to a 

microcentrifuge tube containing 128 jL of 1 M Tris pH9. The elution was repeated a second tirne 

with 0.5 mL of glycine. The two elutions were combined and dialyzed ovemight at 4OC against 

PBS. The concentration was obtained by measurement of &, as well as SDS-PAGE followed by 

staining of the gel with CoomaPsie Brilliant Blue. 

3.2.8 GSTfusion protein binding experiments 

In a microcentrifuge tube 50-100 pL of ûansfected ce11 lysate was mixed with 3 pg of 

immobilized puriEied GST fusion proteins in a total of 1 mL of PLC lysis buffer for 90 min at 

4OC to aUow interaction to occur. Sepharose beads were pelleteci and washed five tirnes with 1 



mL PLC lysis buffer. The beads were resuspended in 70p.L of l x  SDS sample bufTer 

(100mMTns pH6.8.200mM dithiothreitol, 4% sodium dodecyl sulfate, 0.2% bromophenol blue, 

20% glycerol, 5% P-mercaptoethanol) and boiled 5-7 min at 100°C. The samples were separated 

by 10% SDS-PAGE to perfonn western blotting as described above. aLNX-N was used as the 

primary antibody at a dilution of l:2SO, protein A-HRP (BioRad) was the secondary nagent and 

the blot was developed as descnied above with ECL (Amersham). 

3.2.9 Mowe bruin homogenates 

Adult mouse brains and mouse embryos were lysed in one of thne buffm. The bufEer PLC 

contained 50mM HEPES pH7.5, 1 SOmM NaCl, 10% glycerol, 1.SrnM MgCl*, 1% Triton-X-100, 

I m M  EGTA, 1 OmM NaPP, (sodium pyrophosphate) and l OOmM NaF (sodium fluonde). RIPA 

(radio-immun0 precipitation assay) buffer contained 1 % Nonidet P-40, 1 % sodium deoxycholate, 

0.1% SDS, lSOrnM NaCl, 1ûrn.M sodium phosphate pH7.2,2m.M EDTA, 50rn.M NaF. CHAPS 

buffer contained 5ûmM HEPES pH7.5, 1 SOmM NaCl, 10% glycerol, 1 SmM MgCl,, 1 ûmM 

CHAPS, ImM EGTA, lOmM NaPPi and lOOmM NaF. A final method was used as follows. Two 

mouse brains were mechanicaily separated in 5mL of sonication buffer (IOmM HEPES pH7.4, 

lOOmgL PMSF). 5rnL of a second buffer (l0mM HEPES pH7.4,0.2M NaCl, lOûrng/L PMSF, 

2mM EDTA, 2% Triton-X-100) was added and the mixture was incubated at 4OC with end-over- 

end rotation for 4 hours. The sample was then ultracentrifùged at 100 OOOxg for 30 min in 

TLA100.2 (Bechan). The supematant was removed at stored at -80°C until use. The protein 

concentration was determined by MicroBCA Rotein Assay Reagent kit (Pierce, Rockford, IL). 

An appropnate volume of brain homogenate containing 2.0mg of protein (286pL) was incubateci 

with 10p.L of d3NPAY-L and S0@ of 20% proteinA-sepharose or Spg of GST alone, GST-L52 

fiision or GST-NumbPTB hision in a total of ImL PLC lysis buffer. These mixtures were 

incubateci for 90 min at 4OC witû gentle mixing. The beads were peileted and washed thne times 

with 1mL PLC lysis b a e r  then resuspended in 70pL 2xSDS sample buffer. The samples were 

sepatateci by 10% SDS-PAGE and traosferred, cü3NPAY-L (1:200) was then addeci, and the blot 

was incubated overnight at 4OC. The secondary aatibody was goat-anti-rabbit-HRP and the blot 

was developeâ using Cherniluminescence Reagent Plus 0. 



3.t.z.M Preparation of HIS-HA-PRA I in E. coli (Mi5 (pREP4)) cells 

A constnict encoding a hexahistidine (his) and hernagglutinin (HA) tagged PRAl (L42) cDNA 

was generously provided by Dr. Johnny Ngsee at the Loeb Research uistitute, Ottawa This 

construct was transfomeci hto competent E. coli (Ml5 (pREP4)) cells as described in Section 

3.2.2. A culture of 2mL LB+arnp+kan was grown overnight at 37OC. The next day, 5OOp.L of the 

culture was diluted into 5mL LB+amp+kan, and cultures were grown 2 hours at 37OC with 

shaking. The culture was then induced to produce fusion protein for 5 hours at 37°C with ImM 

PTG. The cells were pelleted and resuspended in sonication bufler ( S U  phosphate buffer 

pH8.0.300mM NaCI, 1% Triton-X-100). Mer sonication, as described in Section 3.2.2, the 

sarnple was centrifuged for 10 min at 14000rpm. The supernatant was removed to a h s h  tube 

with 30pL of Ni-NTA agarose beads (Qiagen) that had been washed once in sonication bufTer. 

This mixture was incubated for 30 min at room temperature with gentle mixing then briefly 

centrifugcd to pellet beads. The beads were washed three times in 0.5mL wash buffcr (50mM 

phosphate buffer pH6.0,300mM NaCl, 10% glycerol, 1 % Triton-X-100). The fusion protein was 

then eluted with 0.3M imidazole in wash buffer. A mal1 sample (3-SpL) was quantitated on 10% 

SDS-PAGE and the gel was stained with Coomassie Brilliant Blue. 

3.2. l l Co-imrnunoprecipitarion of HIS-HA-PM 1 and F U  G-LNX 

To test for interaction between PRAl and LNX, eluted HA-PRAl fusion protein was mhed with 

50-100p.L of 293T-LNX lysate in the presence of aHA(l2CAS) or aLNX-N (1: 1 0 )  and 50& 

of 20% protein A-sepharose in a total of ImL PLC Lysis buffer. The mixtures were incubated for 

90 min at 4OC with gentle mUUng followed by three washes of ImL of PLC lysis b&r. The 

beads were resuspended in 70pL of 2xSDS sample buffer. Samples were separated by 10% SDS- 

PAGE and tramferred. aHA(12CAS) or aLNX-N (1 :250) was added and incubated ovemight at 

4OC. The secondary reagent was protein A-HRP, and the blot was developed using ECL 

(Amers ham). 

An altemate method was used to examine the PRAL-LNX interaction that was not observeci in 

the initial CO-immunoprecipitatiou studies. Induced MlS(pREP4) cultures were pelletai and 



resuspended in sonication buffer, sonicated and centrifbged as described above. The supernatant, 

however, was then hcubated with aHA(12CAS) and 50pL of 20% pmtein A-sepharose to 

hunoprecipitate the HA-PRAI fusion. The beads were washed three times with sonication 

buffer, 50400pL of 293T-LM was added, and the volume brought to 1mL with PLC lysis 

buffer. The mixture was then incubated for 90 min at 4OC with gentle mixing and washed three 

times with PLC lysis buff'er. The beads were resuspended in 70pL of 2xSDS sample bufEer, 

separated by 10% SDS-PAGE and transferred. The primary antibodies were aHA(12CAS) or 

aLNX-N (1:250), the secondary reagent was protein A-HRP and the blot was developed by ECL 

(Amers hm). 



3.3 RESULTS 

3.3.1 BiaCore Shrdies 

Bio tinylated peptides consisting of the carboxy-temiinal twelve amho acids of hown proteins 

containing potential PDZ domain-binding motifs (Table 3-1) were synthesized and assayed for 

LNX binding using the BiaCore system (descnbed in detail in Section 3.2.4). These peptides had 

either been identified in a search of GenBank for proteins with a SedThr-Xaa-Val* motif or as 

proteins potentially relevant to the function of Numb and LNX in mammalian cells (JM, 

unpublished data). For example, the carboxy terminal tails of Inscuteable, Jagged, Notch and 

several of the Frizzled isofoms were Uicluded since the Drosophila homologues of these proteins 

are connected to dNb and/or Notch. The biotinylated peptides were immobilized on streptavidin- 

coated sensorchips. Purifiad GST fusion proteins were injected at a constant rate (5 pl/min) and 

flowed past each peptide individually. Resonance units were simultaneously plotted v. time to 

show any interactions that occurred. 

In the initial stages, only PDZI, PD23 and PD24 purified fusion proteins were analyzed because 

we did not recognize PD22 as a PDZ domain at the time. Only PD21 bound to some of the 

peptides whereas PD23 and PD24 did not. The peptides recognized by PD21 were: mFz8, dFzl, 

dFz2, Sina, dLNSC, dToll, W C ,  hFas, rNMDAR2P, mPKCa and rNaC. 

3.3.2 BiaCore anulysis of peptides based on yeust two-hybnd clones 

The observation that PD23 and PD24 did not interact with any of the peptides tested suggests 

that the domains were not folded correctly. One reason for this may be that an i d c i e n t  

number of amino acids were included on either side of the domains to allow for proper 

conformation. Therefore, new constnicts with larger boundaries were designed and generated for 

PD23 and PD24 for both the yeast two-hybrid interactions (fusion to LexA DBD) and for in 

vitro buiding experiments (fusion to GST). At this the,  it was also recognized that another PDZ 

domain existed between PD21 and PDZ3. Fusion proteins of the PD22 domain with LexA DBD 

and GST were also created, 

The new GST-PD24 fusion protein with larger boudaries accumulated within the bacterial ceiis 



Table 3 - L . Sequence of biotiny lated peptides used in BiaCore studies using singIe letter amino 
acid codes; * Uidicates carboxy terminus. 

Name of 
Peptide 
L45 
L61 
L42 
LI9 
L52 

mFz8 
mFz7 
d z 4  
hFzS 
dFzl 
dFz2 
Sina' 

dINSC 
dToll 

Source 

TI-USlpolyubiquitin 
novel 
PRAl 
TRIP 13fHPVE l6PBP 

1 - 
novel 1 KAP PGP KGP TLV* 

m~otchl  
mNotch2 
mJGD1 

Sequence 

SKK SPP CAC S W *  
LEK LKN QNS FMV* 
AD GEE LQM EPV* 
OFE ERIC KLA AYI* 

mouse Frizzled8 
mouse Frizzied7 

Drosophila Frizzled 1 
Drosophila Frizzled2 
Drosophila seven-in-absentia 
Drosophila hscuteable 
Droso~hila Toll 

VSY PKQ MPL SQV* 
RLS HSS KGE TAV* 

GKE PRT RAQ A W *  
HHV LKQ PAA SHV* 

GNL GIN VTI SLV* 
LKF NLT RQE SFV* 
FII NTN AKO SDV* 

mouse ~ o t c h l  
mouse Notch2 
mouse Jaggedl 

KRH SGS YLV TSV* 
NSN FRN EIQ SLV* 

hAPC 
hFas 

rNMDARZP 
mPKCa 

NbC 1 Numb C terminus 1 SSD LQK TFE EL* 

moue Frizzled4 1 WVKPGKGNETW* 
human FrizzledS 1 ATYHKOVSLSHV* 

PSQ ITH PÈ AFK* 
SEP PHs NMQ VYA* 
SAQ SLN RME YTV* 

huhm adenopolyposis carcinoma 
human Fas 

rNaC 

rNGFR 
rVCAM 

mLERK5 
mSyn 

rat glutamate receptor, NMDAR2 P subunit 
mouse protein kinase Ca 

- 
VYE KLS SIE SDV* 
PQF VHP ILQ SAV* 

rat sodium chamel, cardiac subtype, a 
subunit 
rat neumtrophic growth factor receptor 
rat vascular ce11 adhesion molecule 
mouse Eph receptor ligand, ephrinB 1 
mouse syndecan 

YSG AIV VI& SN* 

SLC SES TAT SPV* 
SYS LVE AQK SKV* 
PPQ SPA NIY YKV* 

YQK PTK QEE FYA* 



in inclusion bodies making it difficult to ptuiQ suaicient amounts of protein for expetiments. 

Because attempting to purify the protein by denaturation and maturation would generate a 

pmtein of unknown conformation, we chose not to study PD24 m e r  in this experiment. 

However, we were able to p d f y  sufncient amounts of the new PD22 and PD23 fiision proteins, 

thus they were included in subsequent experiments. 

Peptides were synthesized representing the clones isolated from the yeast two-hybrid screen that 

contained potential PD2 consensus motifs. The peptides were based on the novel clones L42, 

L52 and L61 and the clone L45 which encodes TI-225/polyubiquitin. A peptide based on the 

carboxy terminus of L6S (syntaxin5) was attempted but was too insoluble to putify. These new 

peptides as well as some of the original peptides generated were tested with PD21 and the new 

PD22 and PD23 fusion proteins. Once again, PD23 did not interact with any of the selected 

peptides. However, PDZl interacted with both L45 and L52 and PDZ2 interacted with L45, L52, 

L61, mSyn and hAPC (Figs. 3-2 and 3-3). 

The fusion proteins encoding pairs of PD2 domains, that is, PDZIR, PDUI3 and PDZY4 were 

also tested with L42, L52, L6 1 and a peptide based on the carboxy terminus of Numb (NbC). 

PDZ1/2 recognized L52 and L61 (Fig. 3-4a). The interaction with L52 appeared to be quite 

strong. 

The response in RU between LS2 and PDZlI2 was measured ai several concentrations of PD2112 

in order to estimate a constant of dissociation (id) for the interaction (Fig. 3-4b). Analysis of the 

association and dissociation rates predicts a K, of 0.76 p.M between PDZlR and L52. 

3.3.3 In vitro rninng aperiments wiîh the yemt ~ h y b r i d  isoluted clones 

To verï@ if the six clones selected in the yeast two-hybnd screen bhd to LNX in vitro, the open 

re&g thme of each of the clones was inserted into the vector pGEX4T1 for fusion to 







glutathione-S-tranferase (GST). Five of the six clones were successfully purified as GST fusion 

proteins. The sixth, GST-Ml, was insoluble and collecteci in inclusion bodies within the 

bacterial cells m a h g  immobilization of protein on glutathione-sepharose beads with the proper 

conformation difficult. 

These five fusion proteins bound to glutathione-sepharose beads were mixeci in vitro with lysate 

h m  293T cells that had been ûansfected with the pFLAG-LNX expression construct. The 

bound complexes were washed, separated by SDS-PAGE, transferred to immobilon and 

precipitated LNX was detected using aLNX-N (Fig. 3-5). Only L52 bound to LNX long in this 

assay. 

We have not tested the binâing of these fusion proteins to LNX short in a similar assay since we 

were not able to detect the expression of the LNX short protein transfected into 293T cells. The 

reason for this is unknown since the sequence of the conshuct has been c o n h e d  and proteins 

were made when the cDNA was tested by in vitro transcription and translation. This suggests that 

either 293T cells do not use this translation start site or the protein which is generated is 

extremel y unstable. 

3.3.4 In vitro muring experiments with PR41 

A six-histidine (his) and hemagglutinin (HA) tagged version of PRAl (L42), a generous gif't 

Eiom Dr. Johnny Ngsee, Loeb Research Institute, Ottawa, was also utilized to test for in Miro 

interaction between PRAl and LNX. Despite a variety of methods attempted for mixhg the two 

hision proteins in vitro, no interaction was seen (data not shown). The h t  method consistai of 

adding his-HA-PU1 fusion protein purified h m  E. coli (Ml 5 (pREP4)) cells to 293T-LNX 

transfected lysates. Mixtures were immunoprecipitated with either aHA(12CAS) or aLNX-N 

and western blotted for both PRAI and LNX. It was observed that both PRAl and LNX were 

present but were not able to associate. A second method that c o b e d  these r ed t s  involved 

incubating aHA(12CAS) immunoprecipitations h m  E. coli (Ml 5 (pREP4)) lysates with 293T- 

LNX lysates. 



Fig. 3-5. Upper panel: In vitro mixing of GST fusion proteins with L M -  
transfected 293T lysate, western blot with aLNX-N. Arrow indicates LNX 
long. Lower panel: Comrnassie stain of same blot, arrowheads indicate 
position of GST fusion proteins 

Fig. 3-6. Imrnu~)precipitation and GST puiidown of endogenous LNX 
short fkom mouse brain homogenates. Arrow indicates LNX short. 



3.3.5 In vivo expression sîudies 

The tissue distribution of LNX mRNA has been pnviously examined @ho et al., 1998). It was 

found that the two isofoms of LNX are differentiaily expressed in addt mouse tissues. While 

both isofonns are expressed in heart, only LNX long is expressed in lung, skeletal muscle and 

kidney and LNX short is expressed in brain. Using this information, several ce11 lines commoaly 

used in our laboratory (NIH 3T3, P 19, C2C12, MDCKII) were tested for LNX expression by 

immunoprecipitation, western blotting, northern blotting and reverse-transcriptase (RT)-PCR. 

Very low amounts of expression were observed by RT-PCR in MH3T3 and C2C12 cells at 

specific stages of culture. Several antibodies have been generated against various regions of LNX 

long and short and have been shown to recognize FLAG-LNX in transfected ce11 lysates. 

However, we have had difficulty visualizing endogenous LNX fiom ce11 lines with these same 

antibodies. A few immunofluorescence experiments in NIH3T3 and MDCKII cells were 

attempted but were not reproducible. 

Several attempts were made to isolate the LNX short endogenous protein fiom embryo or brain 

homogenates using three different lysis conditions. PLC. RIPA and CHAPS buffér were al1 

employed in making tissue homogenates however neither immunoprecipitation nor western 

blotting of LNX short protein was obsmred. An alternative method that proved to be successfùl 

was adapted fkom Wang et al. (1997) who used this procedure to isolate a neuronal PD2 protein, 

Rim, which is thought to be closely associated with the membrane. Rat brains were placed in 

hypotonic buffer for homogenization followed by addition of an equal volume of more complex 

buffer. The mixture was incubated at 4OC for 4 hours with end-over-end rotation and then 

centrifûged in an ultracentrifugt. Using this method, we generated mouse brain homogrnates 

with a protein concentration of 7mgh.L. 

Several antiiodies predicted to recognize the LNX short protein were then used for 

immunoprecipitation h m  Iysate containhg 1 . h g  of protein followed by western blotting. A 

band of the appropriate size was observed in the immunoprecipitation using the aJ3-MAY-L 

antisenun (Fig. 3-6). We then tested whether the panel of anticbodies generated against LNX were 

able to recognize this same band b m  a volume of homogenate which contaiaed 2 . h g  of 



protein. ûnly aJ3-NPAY-L recognized the band corresponding to LNX short, wbich may 

suggest that the band observeci is an artifact generated by one antibody. We therefore confhned 

that this was the LNX short protein by using GST fusions of either the Numb PTB domah or 

L52 to identify an aLNX immunoreactive band of the apptopnate size. 



3.4 DISCUSSION 

3.4.1 PD21 and PDZ2 may recognize a classical PLU motif 

Cornparison of the amino acid sequences of the peptides recognized by PD21 allowed some 

preliminary prediction of PDZl binding specificity. PD2 1 appears to preferentidly recognke 

EIQ-S-X-V*, a type 1 PDZ recognition motif. Although not al1 of the peptides bound by PD21 fit 

this consensus, al1 of the available peptides which contained this motif were recognized by PD21 

however, the basis of the selectivity of interaction was not always clear. For example, PD2 l 

recognized the following peptides: mFz8 with a carboxy terminus of -LSQV*, dFzZ (-ASHV*), 

Sina (-ISLV*), rNMDAR2P (-ESDV*) and rNaC (-ESN*) and yet did not recognize hFz5 (- 

LSHV*). This suggests that amino acids upstream of the last four may be hvolved in target 

recognition by a PD2 domain. However, in the expenments performed here, no consensus was 

seen with any amino acids h m  the -4 to the -12 position. Some of the peptides that were 

recognized by PD21 may be indicative of physiologically relevant interactions. Both the frizzled 

family of proteins and the inscuteable protein are known to be important in Nurnb and Notch 

function (Gho and Schweisguth, 1998; Kraut and Campos-ûrtega, 1996; b u t  et al., 1996). 

However, a mammalian inscuteable counterpart has not yet been isolated making it difficult to 

predict whether an inscuteable- like molecule plays a role in signaling by mammalian Nurnb. 

A consensus recognition motif based on the four peptides recognized by PD22 may be TEX-  

V/A*. If this was trw, it would be expected that both mFz7 (ETAV*) and mFz4 (ETW*) would 

also be recognized by PD22. Since this did not occur, I believe that the recognition of peptide 

targets by PD22 involves more than just the last three amho acids of the peptide. However, no 

consensus amino acids at any other position were readily apparent when the four peptides that 

were recognized by PD22 were examineci. Further experimentation is required to determine the 

specificity of PDZ2. 

Isolated PD21 and PD22 domains both recognized L52, and the f i o n  protein encoding both 

PD2 domains, PDZIR, rnognized LS2 and L61. The interaction between L52 and PDZlR 

appeared to be the strongest of all the interactions tested. It is possible that the PDZlR construct 

was able to cooperatively bind to LS2. Prelimhary interaction kinetics were meammi and 



predicted a K, of 0.76 pM, however, this may be an overestimation. Severai factors can 

contribute to overestimation of the K, for a specific association using this BiaCore method. It is 

known that GST is able to dimerize in solution (Ji et al., 1992) and that tbis dimerization cm 

have an avidity effect on BiaCore measurements when the immobilized ligand is above a 

Uueshold concentration of O. lnglmrn2 (Ladbury et al., 1995). Also, the observed response in the 

BiaCore is directly proportional to the sue of the molecule in solution (Ladbury et al., 1995). 

Although the K, measured here is similar to BiaCore measurements fkom other PDZ domains 

(Hirao et al., 1998; Irie et al., 1997), this interaction should be tested again using two different 

surface concentrations of peptide that are both below O. l ng/mrn2. 

Although the clone L45 was not recognized by an individual PDZ domain in the yeast two- 

hybrid assay. a peptide based on the L45 carboxy terminus was recognizcd by PDZl and PD22 

in the BiaCore. This clone has a type 1 PDZ recognition motif at the carboxy terminus. It is 

possible that the PDZ domains do not recognize those amino acids in the context of the hision 

protein and may be an example of the loss of selectivity for biologically relevant interactions 

when isolated PDZ domains are used in the BiaCore. Likewise, PDZl of murine LNX 

recognized several peptides based on Drosophila proteins that rnay be addressed by two 

exp lanations. Either LNX can interact with as* 'yet unidenti fied mammalian counterparts to 

these proteins or there is a loss of selectivity in these interactions. The issue of biological 

devance of an interaction can be addressed by cornparison of results fiom a number of 

techniques (Le., yeast two-hybrid assays, in vitro mixing and BiaCore experiments). 

3.4.2 PLI23 and PD24 rnay have unique target sequences 

No interaction between PD23 or PD24 and any of the peptides was obsewed. It is possible that 

the interaction motifs recognizecl by PD23 and PD24 were not repnsented in the group of 

peptides generated based on the carboxy terminal sequence of hown pmteins. As well, no 

interaction was observed between L42, LS2, L61 or NbC and PDW, P D U 3  or PDZ3/4. Both 

classes of PD2 recognition motifs (Songyang et al., 1997) were represented the group of peptides 

tested however, there may not have been sufncient variation in these sequences to identify 

interacting molecules. 



3.4.3 Tesiing the interaction between W X  PD2 domains and the Numb C terminus 

We also tested the carboxy terminus of Numb in these studies because of previous nsults 

indicating that there may be a second interaction site between LNX and Numb independent of 

the describal PTB-NPAY interaction @ho et al., 1998). Residual interaction was observed 

between a fusion protein of LNX encoding the PD21 but lacking the NPAY recognition site. 

However we did not observe an interaction between any of the PDZs or PDZ pairs and the NbC 

peptide in the BiaCore. 

3.4.4 In vitro interactions with LNX 

We have demonstrated an interaction between LNX and L52 in the yeast two-hybnd setting, in 

BiaCore and in vitro which may be indicative of an in vivo interaction between these two 

proteins. L52 encodes a novel protein with little homology to any known proteins. This makes it 

very difficult to predict the role of an interaction between L52 and LNX. There are several 

expressed sequence tags (ESTs, AA182356, AA6 12528, AI603957, AI666282) isolated h m  

mamrnary gland and thymus that are identical to L52 indicating that the mRNA is expressed in 

vivo. in addition, the genomic sequence NG23 (AF109905) is predicted to encode a protein 

identical to L52 (AAC84153). This sequence predicts a protein of 146 amino acids. If this is 

correct, then our cDNA sequence is missing only the amino terminal 23 amino acids. An 

important next step is to examine the size of the mRNA by northem blot analysis to confirm that 

the genomic sequence predicts the entire protein. 

It is important w t  to exclude other clones Eom consideration as encoding true in vivo interacting 

proteins. It may be that some other requiremeat for interaction is met inside the yeast cell, which 

is not available in BiaCore and in vitro h g  of GST fusion proteins. in addition, it is possible 

that these proteins interact with LNX short but not LNX long in spite of the results in the yeast 

two-hybrid assays or that the interaction may only be detected in the intracellular environment. It 

will be intmsting to see if the GST fusion proteins encodeci by any of the other clones are able 

to interact with LNX short using the brain homogenates that art descnied below. 



3.4.5 Endogenoils LNX short 

in the search for endogenous LNX protein, we tested several differat lysis conditions on 

different tissues to aàdress potential differences in the ability to solubilize and isolate the protein. 

Mouse brains and embryos were homogenized in three standard buf5ers but LNX short was not 

observed by immunoprecipitation or western blotting. in all three cases, many non-specific bands 

were seen in the lysate and no bands of appropriate size wexe seen in immuaoprecipitations (data 

not shown). The method previously used to isolate the PDZ protein Rim was then identified and 

employed to successhilly extract LNX short fkom brain homogenate (Wang et al., 1997). 

We Found that only one of the aLNX antibodies recognized the LNX short protein h m  brain. It 

may be that aJ3-NPAY preferentially recognizes more of the RING finger and thus does not 

recognize LNX short very strongly. As well, the recognition site for amidl3 is within the PD22 

domain and aJ3-QED recognizes LNX between the PD23 and PD24 region. In both of these 

cases, the epitope may be inaccessible when LNX is in its native coafomation, which would 

explain why these two antibodies were unable to immunoprecipitate LNX short. However, tbis 

does not explain why an immunoprecipitation with aJ3-NPAY-L followed by western blot with 

amidJ3 or d3QED did not work. It is possible that the Wty of the peptide antibodies for 

LNX is too low. Regardless, GST fusion proteins of the Numb PTB and L52 were used to show 

that the band isolated by d3-MAY-L can also be isolated through interacting molecules. This 

establishes the identity of this protein as LNX short. 

3.4.6 interaction with PRAl 

The clone identified as L42 is reported to interact with Rab proteins in the yeast two-hybrid 

system (JanouekLemsey et al., 1995; Martincic et al., 1997). Rab proteins are members of the 

RacfRho farnily of small G protein bhding molecules. They are associated with intncellular 

vesicles and juxta-membrane regions and are involved in membrane hision evaiu. One group 

identified PRA 1 (IA2) h m  a yeast two-hybnd screen with Rab5 (Jawueix-Lerosey et al., 1995) 

while another group was UiteteSfed in identifying molecules which intctact with Rab3A 

(Martincic et al., 1997). The lack of interaction seen between LNX and his-HA-PRAl in witro 

corresponds with the d t s  seen h m  m*xing LNX with GST-taggeâ LA2 and h m  the BiaCore. 



However, lipid modification is required for interaction to occur between PRAl and Rab3A 

fusion proteins so it is possible that post-translational modification is also required for a PRAI- 

LNX interaction. In any in vitro mixing experiment, the fusion proteins (either fused to GST or 

&-HA in this case) are generated in bacterial cells where post-translational modifications, like 

those seen in mammalian or yeast cells, cannot occur. 

PRAl is expressed in d l  rat tissues examined (Martincic et al., 1997)) including those tissues in 

which LNX is expressed in mouse (i.e., heart, brain, lung, skeletal muscle and kidney). Thus, a 

physiological interaction is possible between these two molecules. However, rat tissue lysates of 

Triton-X-100 soluble proteins were shown to contain PRAI, which is in contrast to the resuits 

presented here whereby endogenoüs LNX is not observed in Triton-X-100-solubilized lysates. 

Thus, in the tissues examined, PRAl was not associated with the membrane whereas LN' must 

be isolated in a unique way in which membrane associated proteins can be separated h m  the 

membrane fraction d e r  ce11 lysis. It is possible, however, that, similar to Rab molecules 

(Martinez and Goud, 1998), P M 1  translocates to the submembranous region at different points 

in its signaling pathway to permit interaction with L M .  Further experiments should be 

performed to confirm whether PRAl is an in vivo interaction partner for LNX. For example, the 

brain and lung lysates nom which endogenous LNX has been isolated may be tested for L M -  

PRA 1 coimmunoprecipitation. 



Chapter IV Conclusions and Future Directions 

4.1 CONCLUSION 

A yeast two-hybrid screen was performed in order to identify target proteins of the LNX PDZ 

domains. Six candidate molecules were identified and preliminary analyses of the interactions 

were performed. Each of the isolated clones was assessed for its ability to interact with individual 

PDZ domains in the yeast two-hybrid system. ûne of the clones, MI, was shown to require its 

14 carboxy terminal residues for LNX binding in a yeast two-hybrid assay. Interactions between 

LNX and five of the clones were examined in vitro; the clone L23L52 was bound by LNX. 

Peptides based on the carboxy terminus of three of îhe clones were utilized in BiaCore studies 

with some of the PDZ domains. Many other peptides based on known proteins were also tested 

with each of the LNX PDZ domains. The in vivo relevance of these results could next be 

examineci using the technique describeci herein for isolation of endogenous LM< short protein. 

4.2 COMPARING THE LNX PDZ DOMAINS TO SOLVED PDZ STRUCTURES 

Some preliminary predictions can be made by comparing the sequences of the LNX PD2 

domains to those PDZ domains whose structures have been solved. The structures of the third 

PDZ domains of PSD-95 and hDlg, which are both type 1 PD2 domains, have been demieci and 

critical residues for structure and function were identified (Doyle et al., 1996; Morais Cabral et 

al., 1996). Notably, these two stnichuz studies described similar domain structure and conserved 

residues. As well, the crystal structure of the type II PDZ domain of hCASK has been determined 

(Danieh et al., 1998). Most recently, a PDZ-PD2 heteroduner was crystallized and descnied 

(Hillier et al., 1999). Describeci below is a cornparison of each PDZ domain of LNX to these 

crystai structures. 

The residues important for the creation of a hydrophobic pocket for the carboxy-terminus of a 

target peptide are highîy conserved in their hydrophobic nature between type 1 and type II PDZ 

domains (Daniels et al., 1998; Doyle et al., 1996). The four midues lining the hydrophobic 

pocket of PSD-95 PD23 are Leu-323, Phe-325, ne-327 and Leu-379. These correspond to Met- 

501, Ile-503, Leu405 and Leu456 in hCASK. In each of the LNX PDZ domains, hydmphobic 



residues are found in the corresponding positions. Both the PD21 and PD22 domains substitute 

[le for the residue corresponding to Phe-325 and Leu for the Ile-327 position while the leucine 

residues corresponding to Leu-323 and Leu-379 are conserved. The LNX PD23 domain is 

slightly different; Leu5 19, Met521, Val523 and Leu579 line the hydrophobic pocket. The 

residues involved in forming the hydrophobic pocket in LNX PD24 are identical to those in 

PSD-95 PD23 suggesting that PD24 might bind a carboxy-termiad valine residue. It has been 

proposed that the minor variation seen between PDZ domain hydrophobic pockets may be 

responsible for the variable O position residues observed in target molecules (Doyle et al., 1996). 

That is, the size of the hydrophobic pocket createâ wil1 prefer a larger or smaller residue at the O 

position. 

The differences observed between the type 1 and type II PD2 domains lie in the residues found to 

determine the sequence specificity for the -2 position amino acid of the target peptide. Gly-329 

and His-372 of PSD-95 PD23 were idenii fied as important for specific recognition of Thr-2 in 

the target peptide. For the type II PD2 domain of hCASK, the residues interacting with the -2 

position are Met507 and Vai549. These residues conelate well to a hydrophobic -2 position 

residue in the target peptide. Both PDZl aad PD24 of LNX have Giy and His residues at the 

comsponding sites for -2 position recognition. This would suggest recognition of a Ser or Th. in 

the target peptide. LNX PD22 has kg403 and Pro446 at the corresponding positions for -2 

residue recognition. It is difficult to predict what residues would be recognized at this position by 

comparing it to PDZ domains with known targets because t he s  residues are rarely seen at these 

positions. From the yeast two-hybrid and BiaCore studies d e s c n i  here, PD22 appears to 

recognize Thr and Phe at the -2 position. It may be that these particular residues in PD22 

(Arg403 and M 6 )  facilitate unique specificity for Thr or Phe at the -2 position of the peptide. 

LNX PD23 has GlyS25 and kg572 at the -2 position-binding sites. This may suggest that PD23 

recognizes S a  or Th. at the -2 position since several other type 1 PDZ domains are kaown to 

have Arg rather than His at this position. 

The structure pdictions cm then be compand to the consensus interaction sequences obsmed 

in the experiments descnied in work. By sequence-structure cornparison, PD21 is predicted 



to recognize Ser/Thr-Xxx-Val-COOH. From the BiaCore analysis, a preliminary conseasus of 

Glx-Ser-Xxx-Vat was generated which corresponds well to the prediction. PDW would be 

predicted to recognize a carboxy-terminal valine but the -2 position residue would be diflicult to 

predict due to the unique residues t&at create the -2 position binding pocket. A preference for 

peptides containhg the sequence Tht/Phe-Xxx-VaYAla-COOH was obsewed in BiaCore studies. 

PD23 is predicted to recognize Ser/Thr-Xxx-Phe/Tyr/I1e. None of the peptides used in this study 

were recognized by PD23 so the prediction could not be tested. Consistent with this prediction, 

this motif was not present in any of the peptides used here. PD24 is ükely to recognize SerrTiir- 

Xxx-Val, however, there were problems with the conformation and solubility of the PD24 

consûucts so we were unable to d e t e d e  its binding specificity. 

Another sequence-structure relation that can be studied involving the L N X  PDZ domains is 

whether they can form or recognize pfhgen as seen in nNOS and al-syntrophin, respectively 

(Hillier et al., 1999). Since only one example of such an interaction has been described 

structurally, it is difficult to reliably predict whether this type of interaction occurs with other 

PD2 domains. However, perfonning a direct comparison between the LNX PDZ domains and 

nNûS or al -syntrophin may provide some preliminary indications. Despite the few residues 

found between PDZl and PD22 of LM(, there is still potentiai for formation of a P h g e r  in this 

region. An Asp is conserved in PD of PD2 1 for stabilization of the pfinger structure by sait 

bridge formation with Arg380, located in a potential PH region in the linker between PD21 and 

PDZZ. As well, the M e r  region contains a potential pseudo-peptide motif (Ser-Asn-Ala-His- 

Val) followed by potential Phun residues (Pro-Asp or Gly-Pro). 

The region between PD22 and PD23 is much larger and is expected to be able to accommodate a 

Pfinger much more easily. Residues are present m this region that couid potentidly participate in 

the Ptum and salt bridge, however, there does not appear ta be a pseudo-peptide motif. It is 

unlikely that PDW and the adjacent residues are able to form a Pfinger accordhg to the current 

structural understanding. The lùiket between PD23 and PD24 has a potentid pseudo-peptide 

motif foiIowed by potentiai paim residues but they are not contiguous as wouid be expected for 

pfinger formation. Ia addition, thcn is no Arg residw to participate ia a salt bridge with the Asp 



in PD, but this could conceivably be provided by another type of residue. Nonetheless, it appears 

uniikely that PD23 and the adjacent residues are able to form a p6nger based on the results b m  

Hillier et al. (1 999). Lady, there are only five residues at the carboxy-terminus of LNX 

following PDZ4, which is not enough for a potential pfinger. In al1 of these cases it is important 

to remember that there is only one example of a Pfhger structure determined, thus the important 

residues for generating this type of a structure are not yet well-defined. The predictions descnbed 

here are solely based on these results and are entirely speculative. 

The other sequence-structure relationship descnbed by Hillier et al. (1 999) is the abiîity of al- 

syntrophin to recognize a Bfinger. The residues deemed critical for Uiis type of interaction were 

Ser95, Asnl02, Serl09, His142 and Asp143. Residues correspondhg to these positions are not 

conserved in LNX PD21 , PD23 and PDZ4. Some of the corresponding residues in PDZ2 have 

conservative changes: Asp406 of LNX PD22 corresponds to h l 0 2  and Glu447 in PD22 is at 

the position corresponding to Asp 143 of a 1 qntrophin. However, the other residues specified 

are not conserved between al-syntrophin and LNX PDZ2. Although it may still be possible for 

PD22 to bind a pfuiger, analysis of more pfmger-interacting PDZ domains must be perfonned in 

order to better predict whether this is in fact the case. 

4.3 LNXAND EPHRINS 

Concurrent with this yeast two-hybrid study, LNX was isolated in a yeast two-hybrid screen 

utilizing the cytoplasrnic tail of the tniosmembrane iigand, ephrine 1 (C. Cowan, M. 

Henkemeyer, personal communication). In initial experiments, we have not been able to CO- 

immuwprecipitate LNX and ephrinB 1 or ephrinB2 fiom cell lysates. However, interaction 

between cot~insfated LNX and Ephrin B 1 has been observeci (C. Cowan, M. H e h e y e r ,  

unpublisheâ results). The next step will be to determine whether LNX and ephrinB molecuIes are 

locaiized to similar intraceiiular structures and whether the endogenously expresseci proteinr CO- 

immunoprecipitate. These studies are an ongoing collaboration with the Iab of Mark 

Henckemeyer at the University of Texas, Southwestem M d c d  Center, Dallas. 



4.4 mJTUREEXPERIMENTS 

4.4.1 LNX PDZ-mediated interactions 

From the yeast two-hybnd screen, LNX was found to associate with two different molecules that 

are (or are possibly) involved in vesicular traficking through the ER and golgi, syntaxinS and 

PRAI. SyntaxinS is required for vesicle fusion events as are certain Rab isoforms with which 

PRAl has been shown to associate. It is possible that LNX plays a role in localizhg cytoplasmic 

or transmembrane proteins to the ER or golgi apparatus. Immunohistochemistry of endogcnous 

LNX is one method that could be used to examine whether LNX exhibits a perinuclear stalliing 

pattern. 

To m e r  examine the interaction of LNX with al1 of the clones isolated, it will be helpful to 

generate deletion mutants like L61. The carboxy terminal regions of the other five clones should 

also be deleted and tested for interaction with M. As well, al1 six deletion mutants could be 

tested for interaction with each of the PDZ domains and pairs of PD2 domains. 

There are examples of PD2 dornain mutations that have eliminated the ability of the PDZ 

domain to bind its target. Several of these mutations have been at a conserved site within the 

PDZ domain that disrupts the tertiary structure of the PDZ domain. INAD Met442Lys, a 

mutation in the third PDZ domain, abolishes the ability of INAD to bind to and localize the 

transmembrane protein TRP (Shieh and Zhu, 1996; Tsunoda et al., 1997). A similar mutation has 

been made in PD22 of PSD-95 (Leu241Lys) and the nNOS PD2 (Val93Lys) domain 

(Chnstophemn et al., 1999). In al1 four PD2 domains of LNX, there is a leucine at the 

comsponding sites (Leu357, Leu462, Leu588 and Leu718 in LNX long). Mutations at these 

sites could be generated and tested for loss of specific interactions or changes in protein stability 

and localization of LNX or other putative target molecules. 

4.4.2 In vivo LNX 

It will be interesting to examine whether LNX is phosphorylated on serine or threoniae in vivo. 

This may regdate the localization of LNX and its binding partners within the ceii or the hmction 

of LNX ia Numb signaling paîhways. A putative serindthreonine kinase, Nak, has been found to 



associate with dNb (Chien et al., 1998). Studies are ongoing in our laboratory to isolate and 

c haracterize a mammalian homologue of Nak. 

Gene-targeted deletion of Nb in mice is currently underway in our laboratory. It will be 

interesting to examine LNX in the various tissues of these mice with respect to pmtein 

expression and stability and subcellular locaiization. 

4.4.3 Ine RrmGJnrger dornoin 

The fùnction of the RING h g e r  in signal transduction molecules is not well understood. Some 

RiNG fhgers hornodimerize (Inouye et al., 1997), and there is recent evidence that other RING 

fingers are hvolved in the ubiquitin pathway (Hu and Femn, 1 999; Lorick et al., 1 999; Tyers 

and Willems, 1999). As the RING bger of LNX long is not able to homodherize in the yeast 

two-hybrid assay, it may be capable of acting as an E3 ubiquitin ligase. Experiments are 

cumntly underway in our laboratory to investigate this possibility. interestingly, polyubiquitin 

was isolated three times fiom the yeast two-hybrid screen with LNX long but did not interact 

specifically with L M  upon back-transformation. It may be that another plasmid was present in 

the yeast colonies picked from the library screen that facilitated interaction with LNX. In the 

sarne vein, awther molecule predicted to have E3 ubiquitin ligase activity, WWP 1, was observed 

to interact with LNX. Although it is not clear why this type of interaction occurs, it does l a d  

support to the hypothesis that LNX is hvolved in the ubiquitination pathway. These studies will 

be extended by directly testing the ubiquitinating activity of LNX. Some of the proteins isolated 

h m  the yeast two-hybrid screen may in fat be substrates of the LNX E3 ubiquitin ligase 

activity. 

4.5 MODELS OF LNX FUNCTION 

From these results, we can propose several models of the intracellular d e  of LNX; these models 

are not mutually exclusive. There are two isofoms of LNX with unique expression patterns and 

LNX could have d i E r n t  roles in diffèrent cell types. 



Two of the proteins that we identified as LNX intemcting molecules, syntaxins and PRAI, are 

(or are potentially) involved in inhacellular vesicle trafncking. SyntaxinS and its yeast 

homologue SedSp are important for the fusion of transport vesicles t h u g h  the cistemae of the 

ER and golgi (Nichols and Pelham, 1998). PRAl interacts with severai rab family members, 

including Rab6 (Janoueix-Lerosey et al., 1995). Rab6 and its yeast homologue Ypt6 are 

important in several steps of vesicular protein tdlicking: ER to golgi, intra-golgi and possibly 

retrograde traffic (Martinez and Goud, 1998). Rab6 is found on the hansport vesicles as they 

travel through the ER and golgi while s y n t d  is found on the ER and golgi target membranes. 

Although neither is solely responsible, both rabs and syntaxins are critical for the specificity of 

vesicles tùsing to target membranes (Waters and Pfeffer, 1999). Molecules such as L M ,  which 

may interact with both rabs (via PRAI) and syntaxins, could provide a bridge fiom an 

intnicellular vesicle to its specific target. Due to its multiple interaction motifs, LNX may even 

recniit other signaling molecules, such as Nb, andor enzymes important for recognition, vesicle 

fusion or downstream signaling. 

The finding that RING finger domains are able to act as E3 ubiquitin ligases introduces new 

possibilities for LNX. In certain asymmetric ce11 divisions during Drosop hila and mouse 

development, distinct daughter cells uiherit different amounts of the cell-fate deteminant Nb 

(Guo et al., 1996; Zhong et al., 1997). In the daughter ce11 which inherits it, Nb somehow 

downregulates Notch signaling pathways. It is possible that Nb also recniits LNX and its 

associated proteins to that daughter ceil and causes the degradation of Notch by the ubiquitin- 

proteosorne pathway. If WWPl interacts with LNX in vivo, the HECT domain of WWPI, 

another domain with E3 ubiquitin ligase activity, may also be involved in degradation of Notch 

or its dowastream signahg targets. In fact, a gene known to be capable of downregdation of 

Notch signaliag, suppressor of d e k  (Su(&, has recently been cloned and found to be a Nedâ4 

family member (Corne11 et al., 1999). Thus the way in which Nb inhibits Notch signahg may be 

through targeted degtadatioa of Notch and its downstream targets. 

Both of these models nquire fbrther validation and refhement but they provide a basis on which 

to investigate the molecular fitnction of Numb and LNX. 
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