
This document is downloaded from DR‑NTU (https://dr.ntu.edu.sg)
Nanyang Technological University, Singapore.

Functional analysis of WASP and Las17p using
Saccharomyces cerevisiae las17Δ cells

Raj Mohan Raja Muthiah

2008

Raj, M. R. M. (2008). Functional analysis of WASP and Las17p using saccharomyces
cerevisiae las17Δ cells. Doctoral thesis, Nanyang Technological University, Singapore.

https://hdl.handle.net/10356/20683

https://doi.org/10.32657/10356/20683

Downloaded on 20 Mar 2024 18:50:08 SGT



Functional analysis of WASP and Lasl7p using 
Saccharomyces cerevisiae lasf 7d cells 

RAJ MOHAN S/O RAJA MUTHIAH 

School of Biological Sciences 

A thesis submitted to the Nanyang Technological University 
in fulfillment of the requirement for the degree of 

Doctor of Philosophy 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

DRD
Rectangle

DRD
Rectangle



Acknowledgements 

I wish to express my sincere gratitude to my supervisor Dr. Thimmaran Thanabalu for 

supervising me during the course of the Ph.D. candidature. His attitude towards research 

and professionalism coupled with his genial nature enabled me weather rough patches 

during the course of my research. But for him this work would have not been possible at 

all. 

I would like to thank Prof. Alex Law for making me feel comfortable when I appeared 

for the graduate studies interview and also for critical reading of my manuscripts. I would 

also like to thank Dr. Tan Suet Mien's lab and Dr. Valery Lin's lab for helping out with 

reagents whenever I needed them. I would also like to thank past and present members of 

my lab namely Meng Lei, Jin Shiyi, Shang Juan, Rina Lim, Chu Rou, Ashish Misra and 

Zhan Rui for providing a friendly and stimulating environment for doing research. 

Last but not the least I am indebted to my mother, Mdm. Komala who inspired me to 

pursue research and earn a Ph.D. Her encouragement and consolation always uplifted me 

during difficult times. She has shared my joys and sadness and thus I would like to 

dedicate this thesis to her. 

Acknowledgements 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



TABLE OF CONTENTS 

........................................................................................................ Acknowledgements I 
Table of Contents ........................................................................................................ I1 

............................................................................................................. List of Figures VI 
List of Tables ................................................................................................................ X 

.............................................................................................................. Abbreviations XI 
Summary ................................................................................................................. XI11 

.............................................................................................................. 1 . Introduction 1 
........................................................................ .................... 1.1 Cytoskeletal filaments .. 1 

................................................. 1.2 Rate limiting step in the formation of the cytoskeletal filaments 3 
..................................................................................... 1.3 Microfilaments/Actin filaments 4 

1.4 Arp2/3 complex ...................................................................................................... 6 
1.5 Nucleation promoting factors (NPF) .............................................................................. 7 

................................................................................. 1.6 Activation of the Arp2/3 complex 9 
1.7 Wiskott Aldrich Syndrome (WAS) ........................ .. ......................................................... 10 
1.8 Wiskott Aldrich Syndrome protein (WASP) .............. .. .................................................................... 11 
1.9 Physiological role of WASP ...................................................................................... 14 
1.10 Regulation of WASP ............................................................................................. 15 
1.1 1 WASP interacting protein (WIP) ....................................................................................... 17 
1.12 Actin cytoskeleton in Saccharomyces cerevisiae ........................................................... 19 
1.13 Dynamics of actin patches and cables .......................................................................... 20 
1.14 Regulators of the S.cerevisiae Arp2/3 complex ............................................................... 21 

.................................................................. 1.15 Actin cytoskeleton and endocytosis in yeast 21 
1.16 The Saccharomyces cerevisiae WASP homologue, Las l7p ................................................ 22 
1.17 Vrplp ............................................................................................................... 25 

. .......................................................................................... 1.18 Myosins in S cerevisiae 27 
1.19 Aims of the project ............................................................................................... 30 

...................................................................................................... 2 . Materials and Methods 32 
2.1 Materials ............................................................................................................. 32 

2.1.1 Saccharomyces cerevisiae strains .............................................................................. 32 
2.1.2 Escherichia coli strain ......................................................................................... 32 
2.1.3 Commercial Vectors ............................................................................................ 32 
2.1.4 Plasmids ............ .. .......................................................................................... 33 
2.1.5 Antibodies ............................................................................................................................ 33 

2.1.5.1 Primary antibodies ........................................................................................... 33 
2.1.5.2 Secondary antibodies ........................................................................................ 34 

2.1.6 Enzymes and kits used for molecular biology .............................................................. 34 
2.1.7 Chemicals and reagents ........................................................................................ 34 
2.1.8 Buffers and solutions ............ .. ............................................................................ 35 

2.1.8.1 TAE (Tris-acetate-EDTA, 50X) .......................................................................... 35 
2.1 3 .2  Agarose gel .................................................................................................. 35 
2.1 3 .3  DNA loading buffer ......................................................................................... 36 
2.1.8.4 10% SDS ..................................................................................................... 36 
2.1 3.5 5X Tris-glycine electrophoresis buffer ................................................................... 36 
2.1.8.6 2X SDS-PAGE gel-loading buffer ....................................................................... 36 
2.1.8.7 10% Ammonium persulphate .................... .. .................................................... 36 
2.1.8.8 SDS PAGE gel destaining solution ....................................................................... 36 
2.1 3.9 SDS PAGE gel staining solution .......................................................................... 37 
2.1.8.10 Membrane transfer buffer ................................................................................ 37 
2.1 3 .1  1 1X Tris buffered saline (TBS) ........................................................................... 37 
2.1.8.12 Wash solution ............................................................................................ 37 
2.1.8.13 Blocking solution .......................................................................................... 37 

Table of Contents 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

DRD
Rectangle

DRD
Rectangle

DRD
Rectangle

DRD
Rectangle

DRD
Rectangle

DRD
Rectangle

DRD
Rectangle

DRD
Rectangle

DRD
Rectangle



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



. 3.1.7 Human WASP does not interact with S cerevisiae Vrplp ................................................ 65 
3.1.8 WIP mediates cortical patch localization of WASP ........................................................ 66 

........................................ 3.1.9 WIP mediates the localization of WASP to cortical actin patches 67 
.................................... 3.1.10 Expression of WIP enhances the stability of WASP in lasl7A cells 68 

............ 3.1.1 1 Fusion of CAAX box to C-terminal of WASP does not improve the activity of WASP 69 
3.1.12 Human WASP interacts with S . cerevisiae actin and SH3 domain containing 

proteins in a Yeast Two Hybrid assay ...................................................................... 71 
3.1.13 A constitutively active variant of WASP,  WASP"^^^ is able to rescue 

....................................... growth defects of lasl7A strain but only in the presence of WIP 72 
......... 3.1.14  WASP^^^^^ localizes to the cortical patches of las17A strain only in the presence of WIP 73 

........................... 3.1.15 WASP"~~~-CAAX is unable to rescue the growth defects of lasl7A cells 74 
3 . 1. 16 WH1 domain of WASP and the WASP Binding Domain of WIP are 

essential for WASP-WIP interaction ........................................................................ 75 
.... . 3.1.17 WASP-WIP interaction is essential for rescuing growth defects of S cerevisiae lasl7A cells 76 

..................... 3.1.18 WASP-WIP interaction is critical for localization of WASP to cortical patches 77 
.......... 3.1.19 Expression of WASP139.502-CAAX does not suppress the growth defects of lasl7A cells 80 

3.1.20 The VCA domain at the C-terminal region of WASP is essential for the activity of the protein .. 82 
3.1.21 WASP,4 u-GFP is able to localize to the cortical patches of lasl7A cells 

in the presence of WIP ......................................................................................... 83 
3.1.22 The DDW motif is essential for the activity of WASP ................................................... 85 

........... 3.1.23 WASP~~*-GFP localizes to the cortical patches of las17A cells in the presence of WIP 86 
3.1.24 Mutation in the VCA domain of WASP does not affect the interaction of the mutant WASP 

................... with WIP, Xcerevisiae actin and the SH3 domains of MyoSp, Hoflp and Bzzlp 88 
........................ 3.1.25 WH2N domain of WIP is essential for the activity of WASP-WIP complex 90 

.......................................... 3.1.26 WIP51-503 is able to localize to cortical patches in lasl7A cells 91 
........................... 3.1.27 WIP51.503 is unable to interact with actin but is able to interact with WASP 91 

3.1.28 Wp51-503 is able to mediate localization of WASP to cortical actin patches 
and also stabilizes WASP-GFP in lasl7A cells ............................................................ 92 

3.2 Functional analysis of Wiskott Aldrich Syndrome (WAS) mutations using 
S.cerevisiae las17A cells ........................................................................................... 96 

3.2.1 Introduction ...................................................................................................... 96 
............................. 3.2.2 Generation of WASP mutants with the missense mutations causing WAS 96 

3.2.3 WASP mutants bearing missense mutations in the WH1 domain are unable to 
suppress growth defects of lasl7A cells .................................................................... 98 

3.2.4 Localization of WASP mutants in lasl7A cells, in the presence of WIP .............................. 103 
........................ 3.2.5 Changes in the expression of WASP in lasl7A cells caused by the mutations 109 

3.2.6 Mutant WASP bearing the mutations E31K, L35H, L46P, C73Y, I85T 
or A134T are expressed at both 24°C and 37°C .......................................................... 112 

3.2.7 A134T mutation in WASP does not affect WASP-WIP interaction in a 
Yeast Two Hybrid assay ...................................................................................... 113 

3.2.8 interacts with S.cerevisiae actin and the SH3 domains of 
MyoSp, Hoflp and Bzzlp .................................................................................... 115 

3.3 Functional analysis of Lasl7p-Vrpl p interaction ............................................................. 116 
3.3.1 Introduction .................................................................................................... 116 
3.3.2 complements the growth defects of lasl7A strain ....................................... 116 

................... 3.3.3 N-La~17p,.,~, restores endocytosis and actin patch polarization in lasl7A strain 118 
3.3.4 localizes to the cortical actin patches of lasl7A cells .................................... 121 
3.3.5 N - L ~ s ~ ~ P ~ - ~ ~ ~  interacts with SH3 domain containing proteins and Vrplp in a 

Yeast Two Hybrid assay ..................................................................................... 123 
3.3.6 Isolation of temperature sensitive mutant of N-Las 1 7p1 .368 ............................................. 124 
3.3.7 ~ - ~ a s 1 7 ~ ~ . ~ ~ ~ ~ ~  restored fluid phase endocytosis and polarization of actin 

patches of lasl7A cells at 24'C but not at 37OC ................................................................... 127 
3.3.8 N - L ~ S I ~ ~ ~ . , ~ ~ "  localizes to cortical patches o f l a s ~  74 cells ............................................ 129 
3.3.9 L8OT and H94L mutations abolish the activity of N-Lasl7p,,,, in lasl7A cells ..................... 131 
3.3.10 Expression of ~ - ~ a s 1 7 ~ ~ . ~ ~ ~ ~ ~  from a high copy (2p) plasmid suppresses the 

growth defects of lasl7A cells .............................................................................. 134 

Iv Table of Contents 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Figure 3.35 Effect of the Wiskott Aldrich Syndrome (WAS) missense mutations 
M6I. L27F. E31K and L35H on the activity of WASP in lasl7A cells ......................... 99 

Figure 3.36 Effect of the Wiskott Aldrich Syndrome (WAS) missense mutations L39P. 
G40V. R41G. C43W. T45M and L46P on the activity of WASP in lasl7A cells ............. 99 

Figure 3.37 Effect of the Wiskott Aldrich Syndrome (WAS) missense mutations 
A47D. T48I. Q52H. A56V. P58L and W64R on the activity of WASP in lasl7A cells ..... 100 

Figure 3.38 Effect of the Wiskott Aldrich Syndrome (WAS) missense mutations G70W7 C73Y. 
V75M. Q77G. S82P and Y83C on the activity of WASP in lasl7A cells ...................... 100 

Figure 3.39 Effect of the Wiskott Aldrich Syndrome (WAS) missense mutations F84L. I85T. 
R86H. G89D. W97C and Q99R on the activity of WASP in lasl7A cells ...................... 101 

Figure 3.40 Effect of the Wiskott Aldrich Syndrome (WAS) missense mutations L105P. Y107C. 
T111P. H115Y. G119E and A124E on the activity of WASP in lasl7A cells .................. 101 

Figure 3.41 Effect ofthe Wiskott Aldrich Syndrome (WAS) missense mutations G125R, F128L. 
El3 1K. E133K. A134T and R138P on the activity of WASP in lasl7A cells .................. 102 

Figure 3.42 Effect of the Wiskott Aldrich Syndrome (WAS) missense mutations G187C. A236E. 
L270P. I294T. M307V and P359T on the activity of WASP in lasl7A cells .................. 102 

Figure 3.43 Effect of the Wiskott Aldrich Syndrome (WAS) missense mutations P373S. P459S. 
P476E. R477K. I481N and D485N on the activity of WASP in lasl7A cells .................. 103 

Figure 3.44 Localization of mutant WASP-GFP bearing the Wiskott Aldrich 
Syndrome (WAS) mutations M6I. L27F. E31K and L35H in las17A cells ................... 104 

Figure 3.45 Localization of mutant WASP-GFP bearing the Wiskott Aldrich Syndrome 
(WAS) mutations L39P. G40V. R41G. C43W. T45M and L46P in lasl7A cells ............. 105 

Figure 3.46 Localization of mutant WASP-GFP bearing the Wiskott Aldrich Syndrome 
(WAS) mutations A47D. T48I. Q52H. A56V. P58L and W64R in lasl7A cells .......... 105 

Figure 3.47 Localization of mutant WASP-GFP bearing the Wiskott Aldrich Syndrome 
(WAS) mutations G70W. C73Y. V75M. Q77G. S82P and Y83C in lasl7A cells ............ 106 

Figure 3.48 Localization of mutant WASP-GFP bearing the Wiskott Aldrich Syndrome 
(WAS) mutations F84L. I85T. R86H. G89D. W97C and Q99R in lasl7A cells ............... 106 

Figure 3.49 Localization of mutant WASP-GFP bearing the Wiskott Aldrich Syndrome 
(WAS) mutations L105P. Y107C. T111P. H115Y. G119E and A124E ........................ 107 

Figure 3.50 Localization of mutant WASP-GFP bearing the Wiskott Aldrich Syndrome 
(WAS) mutations G125R. F128L. E131K. E133K. A134T and R138P in las17A cells ..... 107 

Figure 3.5 1 Localization of mutant WASP-GFP bearing the Wiskott Aldrich Syndrome 
(WAS) mutations G187C. A236E. L270P. I294T. M307V and P359T in lasl7A cells .... 108 

Figure 3.52 Localization of mutant WASP-GFP bearing the Wiskott Aldrich Syndrome 
(WAS) mutations P373S. P459S. P476E. R477K. I481N and D485N in lasl7A cells ........ 108 

Figure 3.53 Expression of wild type WASP-GFP and mutant WASP-GFP bearing 
WH1 domain mutations ................................................................................ 110 

Figure 3.54 Expression of mutant WASP-GFP bearing the mutations E3 1K. L35H. L46P. 
C73Y. I85T or A134T in lasl7A cells. in the presence of WIP at 24OC and 37OC ............ 112 

Figure 3.55  WASP*'^^^ does not interact with WIP ............................................................. 114 
Figure 3.56 Schematic map of Lasl7p. N-Lasl 7p1-368 and C-las17p370-633 constructs ....................... 117 
Figure 3.57 Expression of complements the growth defects of lasl7A cells ................. 118 
Figure 3.58 Expression of N-La~l7p,.~,, rescues the endocytosis defects of lasl7A cells ................. 119 
Figure 3.59 Expression of N - L a s 1 7 ~ ~ . ~ ~ ~  restores actin patch polarization in lasl7A cells .................. 120 
Figure 3.60 N - L ~ S ~ ~ P ~ - ~ ~ ~ - G F P  localizes to the cortical patches of lasl7A cells ............................. 121 
Figure 3.61 N - L ~ s ~ ~ P ~ - ~ ~ ~  localizes to the cortical actin patches of lasl7A cells ............................. 122 
Figure 3.62 PCR mutagenesis of the DNA encoding N.Las17pl, 68 ................................................... 125 
Figure 3.63 Schematic map o f ~ - ~ a s l 7 ~ ~ . ~ ~ 8 T ~ .  N - ~ a s 1  7P1-368T and N-lasl 7P1.368L .......................... 126 
Figure 3.64 The mutant. N-Las17PI-368TL does not rescue growth defects of lasl7A cells ................. 127 
Figure 3.65 ~ - ~ a s 1 7 p , . ~ ~ 8 T ~  does not rescue the defects in endocytosis of lasl7A cells at 37OC .......... 128 
Figure 3.66 Expression of ~ - ~ a s 1 7 ~ ~ - ~ ~ 8 T ~  restores actin patch polarization in 1as17A 

cells only at 24OC and not at 37OC .................................................................... 129 
Figure 3.67 N - L ~ ~ ~ ~ ~ ~ . ~ ~ ~ ~ ~ - G F P  localizes to the cortical patches of lasl7A cells .......................... 130 
Figure 3.68 N-Lasl 7 p l . 3 6 8 T L - ~ ~ ~  expression is comparable to that of N - L ~ s ~ ~ ~ ~ - ~ ~ ~ - G F P  and localizes 

to the cortical actin patches of las17A cells .......................................................... 130 

VII List of Figures 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Figure 3.69 N - L a s 1 7 ~ ~ . ~ ~ ~  with single mutations L80T or H94L complements the 
.................................................................................. defects of lasl7A cells 132 

............. Figure 3.70 Expression N-Lasl 7P1-362 or N . L a ~ 1 7 ~ ~ . ~ ~ ~ ~  restores endocytosis in las17A cells 133 
Figure 3.71 Expression of N- as 1 7P1-368T or N- as 1 7 ~ 1  . 368L restores actin patch 

............................................................................. polarization in lasl7A cells 133 
Figure 3.72 N - L ~ S I ~ ~ ~ . ~ ~ ~ - G F P  and N - ~ a s l  7 p l . 3 6 8 L - ~ ~ ~  localize to the cortical patches 

of lasl7A cells .......................................................................................... 134 
Figure 3.73 Expression of N - L ~ S I ~ ~ , . , ~ , ~ ~  from 2p plasmid (YEplac195) complements the 

......................................................................... growth defects of lasl7A cells 136 
Figure 3.74 Expression of ~ - ~ a ~ 1 7 ~ ~ - ~ ~ ~ ~ ~  from 2p plasmid (YEplac195) leads to 

strong expression in lasl7A cells ...................................................................... 136 
Figure 3.75 Expression of ~ - ~ a s l 7 ~ ~ - ~ ~ 2 ~  from 2p plasmid (YEplacl95) restores 

endocytosis in lasl7A cells at 37OC ................................................................... 137 
Figure 3.76 Expression of ~ - ~ a s 1 7 ~ ~ ~ ~ 2 ~  from 2p plasmid (YEplac195) restores 

........................... actin patch polarization in lasl7A cells only at 24OC and not at 37OC 138 
Figure 3.77 Schematic representation of the domains of Lasl7p and the location of the L80T 

and H94L mutations ................. .. ............................................................... 139 
Figure 3.78 Interaction of N-Lasl 7p13368 and N-Las 1 7Pl-368TL with C-Vrpl p-HisT and MyoSp-SH3 

in a pull down assay .................................................................................... 141 
Figure 3.79 Schematic map of and N.las17~207.368 ............................................. 143 
Figure 3.80 N - L a s 1 7 ~ ~ - ~ ~ ~  interacts with MyoSp-SH3 in a pull down assay .................................. 144 

....................... Figure 3.8 1 Expression of N-Las 1 7 ~ 1 . ~ ~ ~  rescues the growth defects of las17A cells 146 
............ Figure 3.82 N . L a s 1 7 ~ ~ . ~ ~ ~  does not rescue the defects in endocytosis of lasl7A cells at 37OC 147 

Figure 3.83 Expression of restores actin patch polarization in lasl7A 
cells only at 24OC and not at 37OC .................................................................... 148 

............................ Figure 3.84 N . L ~ S ~ ~ ~ ~ . ~ ~ ~ . G F P  localizes to the cortical patches of lasl7A cells 149 
Figure 3.85 N-Las17pl.206 is expressed as well as N - L a ~ 1 7 p ~ . ~ ~ ~  and localizes to the 

cortical actin patches of lasl7A cells ................................................................. 150 
Figure 3.86 Schematic map of N-Lasl 7pl.294, N.Las17~~.~22, N-las 17~1.339 and ............ 151 

....................... Figure 3.87 Expression of N.Las17p1. 294 rescues the growth defects of lasl7A cells 152 
............................ Figure 3.88 N . L ~ S ~ ~ ~ ~ . ~ ~ , . G F P  localizes to the cortical patches of lasl7A cells 152 

Figure 3.89 does not rescue the defects in endocytosis of lasl7A cells at 37OC ............ 153 
Figure 3.90 Expression of N-Las1 7pI.,, restores actin patch polarization in lasl7A cells 

only at 24OC and not at 37OC ......................................................................... 154 
Figure 3.91 Systematic deletion of the proline rich regions between amino acid residues 

295-368 of N . L ~ s ~ ~ P ~ . ~ ~ ~  ............................................................................... 155 
............ Figure 3.92 N-Lasl 7pl.322 does not rescue the defects in endocytosis of lasl7A cells at 37OC 156 

Figure 3.93 N - L a s 1 7 ~ ~ - ~ ~ ~  and N-La~17p~.,,~ are unable to restore actin patch polarization 
in lasl7A cells at 37OC ................................................................................. 157 

Figure 3.94 N . L ~ S I ~ ~ ~ . ~ ~ ~ . G F P ,  N - L ~ S ~ ~ ~ ~ . ~ ~ ~ - G F P  and N - L ~ S ~ ~ ~ ~ - ~ ~ ~ - G F P  localize 
to the cortical patches of lasl7A cells ................................................................ 158 

Figure 3.95 Schematic map of N - ~ a s 1  7p1468323, N-L~SI  7 ~ ~ - 3 ~ 8 3 ~ ~  and N-las 17p1.368352 ....................... 159 
Figure 3.96 Mutation of the proline rich regions at 323.329,34 2.348 or 352-358 does not 

affect the ability of N.Las17p1.,,, to rescue the growth defects of lasl7A cells .............. 160 
Figure 3.97 Expression of N - L ~ S  1 7p1.368323, ~ - ~ a ~ 1 7 ~ ~ . ~ ~ ~ ~ ~ ~  Or N - L ~ S  1 7p1.368352 

rescues the defects in endocytosis of lasl7A cells at 24OC and 37°C .......................... 161 
352 Figure 3.98 Expression o f ~ - ~ a s 1 7 ~ ~ . ~ ~ ~ ~ ~ ~ ,  ~ - ~ a s 1 7 ~ ~ . ~ ~ ~ ~ ~ ~  or N - L a ~ 1 7 p ~ . ~ ~ ~  restores 

actin patch polarization in 1as1 7A cells at both 24°C and 37°C ................................... 162 
Figure 3.99 Schematic map of ~ a s 1 7 p ~ ~ ,  L ~ S I ~ P ~ . ~ ~ ~ ,  ~ a s 1  7P1.527TL, N- as 1 7 p l - 3 6 8 ~ ~ ~  

and N . L ~ S ~ ~ ~ ~ . , , ~ ~ V C A  ..................................................................................................... 163 
Figure 3.100 Expression of the full length mutant, ~ a s l 7 ~ ~ ~  rescues the growth defects 

of lasl7A cells ......................................................................................... 163 
Figure 3.101 Las17aL-G~p localizes to the cortical patches of lasl7A cells ................................ 164 
Figure 3.102 Expression of Las17aL in lasl7A cells ............................................................ 164 
Figure 3.103 Expression of ~ a s l 7 ~ ~ ~  rescues the defects in endocytosis of lasl7A cells .................. 165 
Figure 3.104 Expression of ~ a s l 7 ~ ~ ~  does not restore actin patch polarization in lasl7A 

VIII List of Figures 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



cells at 37OC ........................................................................................... 166 
Figure 3.105  as 1 7pTL does not interact with C-Vrplp in a pull down assay ................................ 166 
Figure 3.106 Expression of Lasl 7pl.527L rescues the growth defects of lasl7A cells ...................... 168 
Figure 3.107 localizes to the cortical patches of lasl7A cells ............................ 168 
Figure 3.108 Expression of ~ a s l 7 ~ ~ . ~ ~ 7 ~  in lasl7A cells ....................................................... 169 
Figure 3.109 Expression of Lasl 7P1-527L does not restore endocytosis in lm l7A  cells at 37OC ........... 169 
Figure 3.1 10 Expression of ~ a s 1 7 ~ ~ . ~ ~ 7 ~  does not restore actin patch polarization in lasl7A 

cells at 37°C ........................................................................................... 170 
Figure 3.1 11 Expression of N-Lasl 7 p l . 3 6 8 T L ~ ~ ~  rescues growth defects of lasl7A cells 

in the plate assay ...................................................................................... 171 
Figure 3.1 12 Expression of N- as 1 7 P I - 3 6 8 T L ~ ~ ~  rescues the defects in endocytosis of 

Iml7A cells at 37OC .................................................................................. 172 
Figure 3.1 13 Expression of N - L ~ S ~  7 p l . 3 6 8 T L ~ ~ ~  does not restore actin patch polarization 

in /as1 7A cells at 37OC ............................................................................... 172 
Figure 3.1 14 N-Las 1 7pl.368VCA-GFP and N- as I 7 P I - 3 6 8 T L ~ ~ ~ - ~ ~ ~  localize to the 

cortical patches of lasl7A cells ...................................................................... 173 
Figure 4.1 A working model for WASP-WIP activity ........................................................... 187 
Figure 4.2 Vrplp mediates Lasl7p interaction with a larger fraction of Myo5p molecules ................ 196 
Figure 4.3 Domains of Las17p required for rescuing the cellular defects of lasl7A cells ................. 200 

List of Figures 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



LIST OF TABLES 
Table 1.1 Nucleation promoting factors (NPF) ....................................................................... 9 
Table 2.1.1 Saccharomyces cerevisiae strains ....................................................................... 32 
Table 2.1.3 Commercial Vectors ...................................................................................... 33 
Table 2.1 .5.1 Primary antibodies ...................................................................................... 33 
Table 2.1.5.2 Secondary antibodies ................................................................................... 34 
Table 3.1 Human WASP does not interact with Vrplp ............................................................ 66 

......................... Table 3.2 Human WASP interacts with S.cerevisiae actin and cytoskeletal proteins 72 
Table 3.3 The WHl domain of WASP and the WASP binding domain of WIP are 

essential for WASP-WIP interaction ............................................................................. 76 
Table 3.4 Mutation in the VCA domain does not affect WASP interaction with WIP, 

Actlp or the SH3 domains of Bzzlp, Hoflp and Myo5p .............................................. 89 
Table 3.5 WIP51-503 does not interact with actin but interacts with WASP ....................................... 92 
Table 3.6 Summary of functional studies on the expression of human WASP in S . cerevisiae 

lasl7A cells ................................................................................................. 95 
..................... Table 3.7 Functional studies on 52 WAS mutations and their associated phenotypes 111 

Table 3.8 Interaction of  WASP*"^^ with S.cerevisiae actin and SH3 domains of 
Bzzlp, Hoflp and MyoSp ................................................................................ 115 

........... Table 3.9 Interaction of N-La~l7p,.~,, with actin, Vrplp and SH3 domain containing proteins 124 
.......................... Table 3.10 Interaction of ~ - ~ a s l 7 ~ ~ - ~ ~ ~ ~ ~  with SH3 domain containing proteins 142 

................ Table 3.11 Only N - L a s 1 7 ~ ~ ~ ~ . ~ ,  interacts with MyoSp-SH3 in a Yeast Two Hybrid assay 145 
Table 3.12 Summary of functional studies on the expression of Las 17p constructs in lasl7A strain ...... 174 

List of Tables 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



ABBREVIATIONS 

a.a Amino acid 
AD DNA activation domain 

A ~ P  Actin related protein 
ATP Adenosine 5'-triphosphate 
BD DNA binding domain 
BSA Bovine serum albumin 
" C Degree Celsius 
CR16 Glucocorticoid regulated protein 
DIC/Normarski Differential interference contrast 
DMSO Dimethyl sulfoxide 
DNA Deoxyribonucleic acid 
dNTP Deoxyribonucleotide triphosphate 
DTT Dithiothreitol 
ECL Enhanced chemiluminescence 
E.coli Escherichia coli 
EB Ethidium bromide 
EDTA Ethylenediamine tetra acetic acid 
F-actin Filamentous actin 
FITC Fluorescein isothiocyanate 
G-actin Monomeric globular actin 
GFP Green fluorescent protein 
GST Glutathione-S-transferase 
HRP Horseradish peroxidase 
kDa Kilo dalton 
LB Luria-Bertani 
LiAc Lithium acetate 
LY Lucifer Yellow dye 
mRNA Messenger ribonucleic acid 
N-WASP Neural WASP protein 
OD Optical density I 

PAGE Polyacrylamide gel electrophoresis 
PBS Phosphate buffered saline 
PCR Polymerase Chain Reaction 
PEG Polyethylene glycol 
PIP2 PtIns(4.5)P2, Phosphatidyl-inosito14,5-diphosphate 
PMSF Phenylmethylsulfonyl fluoride 
RFP Red fluorescent protein 
RT-PCR Reverse transcription-polymerase chain reaction 
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SD 
SDS 
SH3 
TEMED 
uv 
WAS 
WASP 
WAVE 
WHl 
WH2 
WTCH 
W IP 
WIRE 
WT 
XLN 
XLT 
YPD 

Synthetic Defined 
Sodium dodecyl sulfate 
Src homology 3 
N, N, N', N7-tetramethylethylenediamine 
Ultraviolet 
Wiskott-Aldrich syndrome 
Wiskott-Aldrich syndrome protein 
WASP family verprolin homologous protein 
WASP homology domain I 
WASP homology domain 2 
W IP and CR16 Homologous protein 
WASP interacting protein 
WIP Related protein 
Wild type 
X-linked neutropenia 
X-linked thrombocytopenia 
Yeast Extract/Peptone/Dextrose 

One and three letter symbols of amino acid residues: 
A Ala Alanine 
C Cys Cysteine 
D Asp Aspartic acid 
E Glu Glutamic acid 
F Phe Phenylalanine 
G Gly Glycine 
H His Histidine 
I Ile Isoleucine 
K Lys lysine 
L Leu Leucine 
M Met Methionine 
N Asn Asparagine 
P Pro Proline 
Q Gln Glutamine 
R Arg Arginine 
S Ser Serine 
T Thr Threonine 
V Val Valine 
W Trp Tryptophan 
Y Tyr Tyrosine 
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SUMMARY 

Wiskott Aldrich Syndrome (WAS) is a genetic disease caused by recessive mutations in 

the gene encoding the Wiskott Aldrich Syndrome protein (WASP). Patients suffering 

from WAS exhibit a variety of symptoms ranging from thrombocytopenia, eczema and 

immune disorders. WASP belongs to a family of proteins whose members include WASP, 

N-WASP, WAVEI-3 and Lasl7p. WASP has a WH1 domain at the N-terminus and the 

Arp213 complex activating VCA domain at the C-terminus. WASP is expressed 

predominantly in hematopoietic cells and is involved in integrating extracellular signals 

and regulating actin cytoskeleton. Lasl7p is the S. cerevisiae ortholog of mammalian 

WASP and has a similar domain structure as that of WASP. Deletion or mutation in the 

gene encoding Lasl7p makes the yeast cells inviable at restrictive temperatures and also 

causes defects in endocytosis and actin patch polarization at all temperatures. 

In this study, a S. cerevisiae lasl7A strain was used to study the functional significance of 

WASP-WIP interaction and Lasl7p-Vrplp interaction. The las17A mutant was used to 

show that both WASP and Lasl7p function as a complex with their respective WHl 

domain binding partners WIP and Vrplp respectively in suppressing the growth defects 

of the strain. The ability of the WASP-WIP complex to suppress the growth defects of 

lasl7A cells is dependent on the activity of the Arp213 complex activating VCA domain 

of WASP. In contrast to WASP, expression of the N-terminal region of Las17p was able 

to correct the defects of the lasl7A cells, suggesting that the VCA domain of Lasl7p is 

redundant with the Arp213 complex activation domain of type I myosins. Introducing 

mutations into the WHl domain of WASP and Lasl7p, which abolishes interaction with 
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their respective binding partners WIP and Vrplp, compromised the activity of these 

proteins in suppressing the defects of the las17A cells. WIP regulates the activity of 

WASP possibly by mediating the localization of WASP and also by providing an 

additional actin binding V domain to the WASP-WIP complex. Functional studies were 

also carried out in order to examine the effects of 52 missense mutations causing the 

WAS disease on the activity of WASP in lasl7A cells. We found that missense mutations 

in the WHl domain had a more pronounced effect on the activity of WASP in las17A 

cells, than the missense mutations in the other domains of the protein. Similar to the 

dependence on WIP for the activity of WASP in lasl7A cells, Vrplp also regulates 

Lasl7p albeit in a different manner. Mutation in Lasl7p which abolishes interaction with 

Vrplp has no effect on the localization of Lasl7p to the cortical patches of lasl7A cells 

but the mutant Lasl7p failed to correct the cytoskeletal defects of the las17A strain at 

37°C. Studying the interaction between Lasl7p and Myo5p by pull down assays and 

Yeast Two Hybrid suggests that Vrp l p  promotes the formation of Las 17p-Vrp 1 p-Myo5p 

complex. The data presented in this study suggests that there are fundamental similarities 

and differences in the mechanism by which the relevant human and yeast proteins 

promote actin polymerization. 
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1 Introduction 

The cell is the smallest functional unit of all known living organisms and is considered to 

be the building block of life. There are two kinds of organisms, namely prokaryotes and 

eukaryotes. Prokaryotes are unicellular organisms while eukaryotes are either unicellular 

(e.g. yeast) or multicellular like humans. A major difference between the prokaryotes and 

the eukaryotes is that eukaryotic cells contain membrane-bound compartments in which 

specific metabolic activities take place while prokaryotes lack the compartmentalization 

of cellular metabolic activities. Despite the morphological and physiological differences 

between them, prokaryotic cells and eukaryotic cells have certain similarities, both types 

of cells are membrane bound, use DNA as the genetic material and synthesize proteins by 

utilizing ribosomes. All cells are derived from pre-existing cells and irrespective of 

whether cells reproduce sexually or asexually, cells need to establish polarity, segregate 

the chromosomes and undergo cytokinesis to generate the daughter cells. All the cells 

maintain correct shape and interact with their environment and many cells also have the 

ability to change shape and migrate from place to place. All these spatial and mechanical 

functions depend, to a high degree in eukaryotes and to a lesser extent in prokaryotes, on 

a system of filaments collectively called as cytoskeleton. The entire focus of this 

dissertation would be on the proteins associated with eukaryotic cytoskeleton, 

particularly the actin filaments. 

1.1 Cytoskeletal filaments 

Eukaryotic cells contain three main types of cytoskeletal filaments namely 

microfilaments, intermediate filaments and microtubules (Fig. 1.1). Microfilaments/ actin 
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filaments are around 7 nm in diameter and are predominantly present at the plasma 

membrane. Microfilaments are involved in cytokinesis and also participate in cell-to-cell 

or cell-to-matrix junctions and in the transduction of signals. Microfilaments determine 

the shape of the cells surface and are essential for whole cell motility. Intermediate 

filaments are around 8-1 1 nm in diameter and are more stable than the actin filaments. 

Intermediate filaments support the fragile nuclear envelope and are involved in 

maintaining the three dimensional structure of the cell. Intermediate filaments provide 

mechanical strength to the cell and also provide resistance to shear stress. Microtubules 

are hollow cylinders of 25 nm in diameter and are composed of 13 protofilaments which 

are themselves assembled from smaller subunits. Microtubules are organized by the 

centrosome and are involved in intracellular transport and in the motility of the cilia and 

the flagella (Lodish et al., 2000). 

The three kinds of filaments are formed by the assembly of their corresponding subunits 

which come together using a combination of end-to-end and end-to-side protein contacts. 

Among the three types of filaments, intermediate filaments are formed by the assembly of 

heterogeneous subunits while the other two filaments are assembled from homogeneous 

subunits namely, actin subunits for microfilaments and heterodimeric tubulin subunits (a 

and p) for microtubules (Lodish et al., 2000; Paustian et al., 2007). 
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Figure 1.1 The three cytoskeletal elements. (Adapted fiom Paustian et. al., 2007.) 

1.2 Rate limiting step in the formation of the cytoskeletal filaments 

The different cytoskeletal filaments are formed by the polymerization of their individual 

subunits. These subunits might be compact and globular like those of actin subunits for 

actin filaments and tubulin subunits for microtubules. In the case of intermediate 

filaments, the building blocks are themselves made up of smaller subunits which are 

elongated and fibrous (Lodish et al., 2000). 

# 1 * I i !  $ < b * % i  tr,!+, , , ) ? , " <  t r l !  Q 1 q " q * >  $2 L;$ 

In order to assemble a new large filament, the subunits must first assemble into an initial 

complex which is stabilized by multiple subunit-subunit contacts and then the initial 

complex is elongated by the rapid addition of more subunits. The initial complex which is 

the precursor for the formation of the filament is called a nucleus and the process of 

nucleus assembly is called nucleation. The rate limiting step in the assembly of the 

. . .  
filaments is the nucleation of the filament. This is primarily due to the instability of the- : i . . I  

- .  . . . . .  . . . . 
smaller initial complex which creates a kinetic barrier to nucleation. During the . . .  : .-': ." . . 

. I :  . . . .  
polymerization of cytoskeletal filaments, there is an initial lag phase during which'". - . ' f "  . , 

. . . .  
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filaments are not observed. However, during the lag phase, many nuclei are in the process 

of being assembled and so the lag phase is followed immediately by a rapid phase of 

polymerization during which the subunits add rapidly onto the end of the nucleus to form 

the filaments. The assembly of the cytoskeletal filaments is a dynamic process due to the 

addition of subunits to the elongating end and dissociation of the subunits from the other 

end. The system approaches a steady state when the rate of addition of the subunit to the 

filament is exactly balanced by the rate of dissociation of the subunit from the filament 

(Fig. 1.2) (Cooper et al., 1983; reviewed in Pollard, 1986). 

4 Figure 1.2 Polymerization kinetics of 

cytoskeletal filaments. 
C 
0 .- 
C 
I 

The time course of polymerization of 
N .- 

cytoskeletal filaments proceeds as follows, 

nucleation followed by growth and finally 

the steady state. (Adapted from Cooper et. 

al., 1983) 
Time 

1.3 Microfilaments/Actin filaments 

Actin is a highly conserved 42 kDa protein expressed in all eukaryotic cells from fungi to 

metazoans. Actin is one of the most abundant cellular proteins because actin structures 

cover most parts of the cell. In certain cells like muscle cells, actin comprises 10% by 

weight of the total cell protein and even in non-muscle cells, actin makes up to 5% of the 

cellular protein. Single cell organisms have one or two copies of actin gene while 

multicellular organisms have many genes coding for multiple isoforms of actin. For 

example, diploid yeast cells have two copies of the gene encoding Actlp, the yeast actin 

(Gallwitz and Seidel, 1980). In humans, there are two copies each of the genes encoding 

the different actin isoforms, a-actin, p-actin and y-actin. a-actin is expressed in muscle 
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cells and is associated with muscle contraction, p-actin and y-actin are expressed in non- 

muscle cells where p-actin is associated with actin polymerization in the cell leading 

edge and y-actin is associated with stress fibers (Lodish et al., 2000). In any cell, the 

richest area of actin is found in the narrow region that lies underneath the plasma 

membrane, called cell cortex. In the cell cortex, the actin filaments are arranged in a 

network that excludes most organelles from the cortical cytoplasm (Lodish et al., 2000). 

Actin exists in two forms, a globular monomer called G-actin and as a filamentous 

polymer F-actin which is a linear chain of G-actin subunits. Microfilaments/Actin 

filaments consist of two F-actin filaments which are interwoven with each other in a 

helical pattern. Each G-actin molecule has a binding site for a nucleotide (ATP or ADP) 

and a divalent cation ( M ~ ~ ' )  (Carlier, 1991 ; Kinosian et al., 1993)). The conformation of 

the G-actin molecule and the nature of the nucleotide bound to it depend on the status of 

the G-actin molecule, whether G-actin exists freely or whether it has already been 

incorporated into the F-actin filament (Belmont et al., 1999). F-actin filaments are 

polarized structures with a fast growing barbed end and a slow growing pointed end. The 

barbed end of the filament is favored for polymerization and ATP-G-actin monomers are 

preferentially added to this end. Once the G-actin subunit has been incorporated into the 

filament at the barbed end, the bound nucleotide undergoes hydrolysis to ADP, thus 

reducing the affinity of G-actin with the neighboring subunits and in turn leads to the 

depolymerization of the filament at the pointed end (Korn et al., 1987). This process of 

active addition and dissociation of G-actin to and from the F-actin filament is called 

treadmilling (Fig. 1.3). 
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ATP ADP+PI' ADP Pointed Figure 1.3 Treadmilling of actin filaments. 
end end Treadmilling is caused by the hydrolysis of 

>) \ the ATP associated with G-actin. Filaments * \ depolymerire at the pointed end and a steady 

1 concentration of ATP-G-actin is maintained 

) )( which enables polymerization at the barbed 

end to balance depolymerization. (Adapted 

ADP ATP from Moseley et. al., 2006.) 

The process of actin assembly can be blocked by the capping of the barbed end by 

capping proteins and small molecules. Actin assembly can then be restored either by 

uncapping the barbed end of the filament or by the severing of the filament to smaller 

filaments which would in turn generate new barbed end for actin polymerization (Welch 

et al., 2002). Actin polymerization is a tightly regulated event which is mediated by a 

cascade of proteins in order to prevent the reaction from going astray. 

1.4 Arp213 complex 

The two major classes of proteins which mediate the nucleation of actin filaments are the 

Formins (Evangelista et a]., 2002; Sagot et a]., 2002) and the Arp213 complex (Pantaloni 

et a]., 2001; Winter et al., 1997). Forrnins are associated with the nucleation and 

elongation of unbranched actin filaments and they participate in cytokinesis and 

formation of actin filament bundles (Pruyne et al., 2002). The Arp213 complex is active at 

the leading edge of motile cells and it produces new actin filaments from the sides of the 

existing filaments (Mullins et a]., 1998). Among the two families of actin nucleators, 

though Formins were identified earlier (Kleinebrecht et al., 1982; Machesky et a]., 1994), 

the Arp213 complex has been the best characterized. The Arp213 complex consists of 
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seven subunits (Arp2, Arp3, ARPCI, ARPC2, ARPC3, ARPC4 and ARPCS) (Machesky 

et al., 1994; Winter et al., 1997) is present at a high concentration of up to 10 pM in the 

cytoplasm (Higgs et al., 1999). The Arp213 complex was first discovered in 

Acanthamoeba castellanii and has subsequently been isolated from several other 

organisms including vertebrates and yeast (Winter et al., 1997; Welch et al., 1997; Ma et 

al., 1998). The subunit composition of the Arp213 complex is well conserved in all these 

organisms. Algae, microsporidia and apicomplexa which do not express the Arp213 

1 complex, have been found to express Formins (Pollard et al., 2002). 

The Arp213 complex can bind to a preexisting actin filament at the tip or to the side. The 

Arp213 complex binds to the sides of a preexisting actin filament at an angle of 70" and 

would therefore nucleate the new F-actin filament in that orientation (Mullins et al., 

1998). In motile cells, the Arp213 complex generates a network of branched actin 

filaments, whose tips push the cell membrane forward which in turn leads to the 

protrusion of the pseudopod (Welch et al., 1997). It has been proposed that the Arp213 

complex nucleates actin assembly by bringing Arp2 and Arp3 subunits closer to each 

other in the complex and mimic the barbed end of an actin filament (Pollard et al., 2002). 

After the nucleation of the filament and during the elongation phase, the Arp213 complex 

remains bound to the pointed end of the nascent F-actin filament (Mullins et al., 1998). 

1.5 Nucleation promoting factors (NPF) 

In vitro studies have shown that purified Arp213 complex has minimum activity for the 

nucleation of actin filaments (Mullins et al., 1998; Welch et al., 1998). However, the 
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ability of the Arp213 complex to promote actin polymerization can be magnified many 

fold by the activation of the Arp213 complex by nucleation promoting factors (NPF) 

(reviewed in Pollard, 2007). Crystallographic studies on the bovine Arp213 complex has 

shown that in the inactive Arp213 complex, the Arp2 and the Arp3 subunits are not in 

close proximity with each other (Robinson et al., 2001). Recent studies employing 

techniques like electron microscopy and Fluorescence resonance energy transfer (FRET) 

analysis have shown that the binding of the NPF's with the Arp213 complex induces a 

large conformational change which in turn brings the Arp2 and Arp3 subunits closer 

together to nucleate actin (Goley et al., 2004; Rodal et al., 2005). Table 1.1 lists the 

known NPFs and the organisms in which they are expressed. The main feature that is 

conserved in all the NPFs is the presence of an Arp213-binding sequence called the CA 

domain. The CA domain consists of a short stretch of basic and acidic amino acids 

located at the C and A region respectively. It has been shown that though the CA region 

in the NPFs is sufficient for binding with the Arp213 complex, it is not capable of 

activating the complex in vitro. In order to activate the Arp213 complex, the NPFs must 

possess adjacent binding sites for either G-actin or F-actin. The NPFs have thus been 

classified into two categories based on the presence of binding sites for G-actin or F-actin. 

NPFs which possess one or two G-actin binding WH2lV domains are called Class I NPFs 

and include ActA, WASP, WAVE, Myosin I and CARMIL. Class I1 NPFs which include 

cortactin and Abplp, do not have any G-actin binding WH2lV domain but instead 

contain F-actin binding domains (FAB) (reviewed in Goley et al., 2006). 
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Table 1.1 Nucleation promoting factors (NPF) 

NPF Organism References 

ActA L. monocytogenes Welch et al., 1998 

WASP Metazoans, S. cerevisiae, S. Yarar et al., 1999; Winter et al., 

pombe 1999 ; Rohatgi et al., 1999 

WAVE Metazoans, D. discoidium Machesky et al., 1999 

Myosin I S. cerevisiae, S. pombe Lechler et al., 2000; Evangelista et 

al., 2000; Lee et al., 2000; Sun et 

al., 2006 

CARMIL Metazoans, D. discoidium, A. Jung et al., 2001 

castellanii 

Cortactin Metazoans Weed et al., 2000; Uruno et al., 

2001; Weaver et al., 200 1 

A ~ P ~ P  Metazoans, S. cerevisiae Goode et al., 2001 

Eps 15 Metazoans, S. cerevisiae Duncan et al., 2001 

1.6 Activation of the Arp213 complex 

Class I and Class I1 NPFs activate the Arp213 complex through slightly different 

mechanisms. Class I NPFs activate the Arp213 complex by first forming a ternary 

complex with Arp213 complex and G-actin (Fig. 1.4A). In this ternary complex, the 

interaction between the Arp213 complex and the CA domain of the NPF may cause a 

conformational change in the complex, resulting in its activation. Nucleation could then 

be initiated by the presentation of G-actin by the WH2 domain of the NPF (Robinson et 

al., 2001). Class I1 NPFs activate the Arp213 complex by a slightly different mechanism 

(Fig. 1.4B). It is hypothesized that the binding of the CA domain of the Class I1 NPFs to 

the Arp213 complex may induce a conformational change that enables the complex to 

bind to the side of the existing actin filament. The binding of the Arp213 complex to the 
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side of the mother filament might induce fixther conformational changes and . 

subsequently leads to the activation of the complex and nucleation (Welch et al., 2002). 

A. Class I NPFs 

8. Class I I  NPFs 

- 

Figure 1.4 Activation of the -213 complex by Class I and Class I1 NPFs. 

A. Class I NPFs bind to inactive @2/3 complex and form a ternary complex consisting of the 

NPF, -213 complex and G-actin. The formation of the ternary complex induces a 

conformational change in the -213 complex resulting in its activation. 

B. Class I1 NPFs bind with inactive -213 complex to form a binary complex. The binary 

complex then binds to the side of the mother filament which results in the activation of the 

-213 complex. 

(Adapted from Welch et al., 2002) 

1.7 Wiskott Aldrich Syndrome (WAS) 

The Wiskott Aldrich Syndrome protein (WASP) is one of the best characterized members 

of the Class I family of NPFs. Mutations in the gene encoding WASP cause the genetic 

disease Wiskott Aldrich Syndrome (WAS) (Derry et al., 1994). Wiskott Aldrich 

Syndrome was first described by Dr. Wiskott in 1937 and it was f ahe r  characterized by 

Dr. Aldrich in 1954 and so the disease has been named after these individuals. Patients 
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suffering from WAS exhibit a variety of symptoms ranging from thrombocytopenia, 

eczema and bleeding disorders. However, only 27% of the patients suffering form WAS 

have all the above mentioned manifestation of WAS (Classic WAS). Almost 90% of the 

patients only have manifestation of eczema and thrombocytopenia at the onset of the 

disease. WAS patients also suffer from immune disorders characterized by recurrent 

bacterial and viral infections. The immune system dysfunction is probably due to reduced 

proliferation of T and B lymphocytes in response to antigens. Studies show that the 

patients also have a predisposition towards lymph node cancer (reviewed in Millard et al., 

2004). 

WAS is a rare X-linked inherited disorder that occurs at a frequency of 4/1,000,000 live 

male births. Though 90% of the affected patients are males, female carriers of the 

defective WASP gene are at risk due to inactivation of the functional WASP allele (Ariga 

et al., 1999). The disease can be treated by bone-marrow transplantation. Symptomatic 

treatment like splenectomy might also help by artificially raising the platelet count 

(reviewed in Krisiukeniene et al., 2003). 

1.8 Wiskott Aldrich Syndrome protein (WASP) 

WASP is a 502-residue proline rich protein that is predominantly expressed in 

hematopoietic cells (Derry et al., 1994). WASP belongs to a large family of proteins 

called the WASP family of proteins (Fig. 1.5). AAer the identification of WASP, a related 

ubiquitous protein, N-WASP, was isolated from the brain tissues (Miki et al., 1996). A 

protein related to WASP was identified in a genetic screen in Dictyostelium and named 
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WASP consists of a pleckstrin-homology (PH) domain at the N-terminal region which 

partially overlaps with the WASP homology (WH1) domain, followed by the GTPase 

binding domain (GBD), which is succeeded by a proline rich sequence and the verprolin 

homology-cofilin homology-acidic (VCA) region (Fig. 1.6). The PH domain has been 

shown to interact with phospholipids like Phosphatidylinositol(4,5)-biphosphate (Miki et 

al., 1996). The WH1 domain has been identified in many proteins which regulate 

cytoskeletal organization and has been shown to bind with proline rich proteins like WIP 

and WIRE (Ramesh et al., 1997; Aspenstrom, 2004). The GBD has been shown to 

interact with Cdc42 (Syrnons et al., 1996), a member of Rho family of GTPase which 

regulate actin cytoskeleton. The proline rich region has been shown to interact with SH3 

domain containing proteins like Nck (Rohatgi et al., 2001) and Fyn (Banin et al., 1999). 

The VCA region has been shown to interact with G-actin and also bind and activate the 

Arp213 complex (Yamaguchi et al., 2000). The presence of many domains which interact 

with signaling proteins suggests an important role for WASP in the signaling cascades 

which regulate important physiological activities. Fifty percent of the mutations causing 

WAS are point mutations in the WH1 domain (Imai et al., 2003). Some of the mutations 

in the WH1 domain result in the synthesis of a truncated protein or an unstable protein 

and a few mutations have been shown to affect WASP-WP interaction (Stewart et al., 

1999). 
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MP, WIRE, CR16 Cdo42 Nck, Fyn G-actin 
complex 

Figure 1.6 Proteins that interact with WASP. 

The V e p l i n  family members WIP, WIRE and CR16 interact with the WHl domain. The GTPase 

Cdc42 interacts with the GBD domain. SH3 domain containing proteins like Nck and Fyn interact with 

the proline rich region. G-actin and the Arp213 complex bind to the VCA domain. 

1.9 Physiological role of WASP 

Patients suffering kom WAS show a weak immune response to common antigens, due to 

T and B lymphocyte dyshction and defects in transmembrane signaling in the immune 

cells (Simon et al., 1992; Huang et al., 1997). It has been shown that T and B 

lymphocytes from WAS patients and WASP null mice display a reduced proliferative 

response to antigens (Ochs et al., 1980; Zhang et al., 1999). Delayed phagocytosis and 

clearing of apoptotic cells by WASP deficient macrophages has also been reported 

(Leverrier et al., 2001). These manifestations were shown to be caused due to 

abnormality in cytoskeletal reorganization (Zhang et al., 1999). Over expression of 

WASP in mammalian cells has been shown to induce formation of actin clusters in the 

cytoplasm (Symom et al., 1996). These observations, coupled with the ability of WASP 

to interact with GTPases, G-actin and the Arp213 complex, imply a role for WASP in 

actin cytoskeletal organization (Miki et al., 1996; Machesky et al., 1998). 
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1.10 Regulation of WASP 

WASP has been shown to adopt an inactive conformation in vitro through the binding of 

the VCA region with the GTPase binding domain (GBD), thereby masking the VCA 

region (Fig. 1.7A) (Kim et al., 2000). The masked VCA region is unable to activate the 

Arp213 complex. Under such an inactive state, the protein cannot promote actin 

polymerization. It has been shown that GTPases like Cdc42 and phospholipids like 

Phosphatidylinositol (4,5)-biphosphate can cooperatively stimulate WASP to promote 

actin polymerization (Higgs and Pollard, 2000). The binding of Cdc42 and phospholipids 

with WASP disrupts the inactive conformation of WASP and exposes the VCA region 

(Fig. 1.7B). The exposed VCA region is therefore free to bind and activate the Arp213 

complex. The activated Arp213 complex serves a very important role as an actin 

nucleating factor and promotes the formation of F-actin (reviewed in Takenawa et al., 

2001). Recently, a slightly different model for the activation of N-WASP has been 

suggested. According to this model, WASP/N-WASP exists as an inactive complex with 

WIP. The activation of WASP/N-WASP by Cdc42 requires the presence of an adaptor 

protein Toca-1 which is capable of binding simultaneously with both WASP and Cdc42 

(Ho et al., 2004) (Fig. 1.7C). The exact role played by Toca-1 in the activation of 

WASPIN- WASP needs further investigation. 
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Figure 1.7 The putative mechanism of activation of WASP. WASP is in an inactive state due to 

interaction between the VCA region and the GTPase binding domain (GBD), which is disrupted when 

Cdc42 binds with the GBD. The VCA region is subsequently unmasked and is free to promote actin 

polymerization by activating the Arp213 complex. It is suggested that the binding of Cdc42 with WASP 

could be mediated by adaptor proteins like Toca- I. 
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1.1 1 WASP interacting protein (WIP) 

It has been reported that most of the WASP in mammalian cells exists as a complex with 

WIP (Sasahara et al., 2002). WIP was discovered in a yeast two-hybrid screen using 

WASP as bait and it has been shown that the C-terminal region of WIP (consisting of the 

WASP binding domain) interacts with the WH1 domain of WASP (Fig. 1.8) (Ramesh et 

al., 1997). WIP is a member of a family of proteins, called the Verprolin family. The 

Verprolin family of proteins is a family of proline rich proteins and it includes the 

mammalian proteins WIP (Ramesh et al., 1997), WIREIWICH (Aspenstrom, 2002, Kato 

et al., 2002) and CR16 (Ho et al., 2001) and the yeast protein Vrplp (Donnelly et al., 

1993). Among the mammalian members of the Verprolin family, WIP and WIRE are 

expressed in a ubiquitous manner but the expression of CR16 is restricted to the brain, 

heart, lungs and colon (Ramesh et al., 1997; Weiler et al., 1996; Aspenstrom, 2002; kato 

et al., 2002). WIP is a 503 residue protein which is expressed at high levels in lymphoid 

tissues and it shows 90% sequence similarity with its rat homologue. WIP has the actin- 

binding verprolin homology (V) domain which contains the KLKK motif and shows 

significant similarity to the N-terminal region of the yeast protein Verprolin (Vrplp). 

Apart from these two domains, WIP also has a number of proline-rich regions containing 

putative SH3-binding motifs that have the consensus sequence PPPfXP where "f' 

represents a hydrophobic residue. In addition to the KLKK motif, the V domain of WIP 

also contains three XPPPPP sequences (Actin-Based Motility 2 sequence, ABM2 motif, 

X can be represented by A, L, S or G), which bind to profilin, a G-actin binding protein 

(Ramesh et al., 1997; Gertler et al., 1996; Purich et al., 1997; Reinhard et al., 1995). 
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as tracks for the delivery of the cargo to the nascent bud, using the motor activity of the 

myosin proteins (Hill et al., 1996; Pruyne et al., 1998; Yin et al., 2000). 

1.13 Dynamics of actin patches and cables 

Actin patches and the actin cables are dynamic structures which undergo remarkable 

changes during the life cycle of an S. cerevisiae cell. Actin patches have a life span of 

around 10-20 seconds. Actin patches are also capable of rapid movement, their motility 

rate ranges from 0.1-0.5 p d s  (Carlsson et al., 2002; Waddle et al., 1996). In budding 

cells, the formation and enlargement of the bud takes place due to the polarization of the 

cytoskeleton and subsequent transport of cargo to the bud. Polarization of the actin 

patches and actin cables is essential for establishing cell polarity in dividing cells. At the 

start of the cell cycle when the nascent bud site is marked, the actin patches and the actin 

cables in the mother cell converge at the nascent bud site (Fig. 1.9A). During the growth 

of the bud, the actin patches redistribute over the bud surface and the actin cables extend 

from the mother cell to the bud (Fig. 1.9B). Finally, at cytokinesis, the patches and the 

cables reorient to the mother-bud junction (Fig. 1.9C). When the actin cytoskeleton is 

depolarized, the patches are randomly distributed in the cortex and the cables form a 

meshwork in the cytoplasm (Amberg, 1998). 

Figure 1.9 Dynamics of actin patches during cell division in 

S. cerevisiae (Adapted from Moseley et al., 2006). 

A. Actin patches and cables converge at the putative 

bud site on the mother cell. 

B. During the enlargement of the bud, the actin 

patches are distributed over the bud and the cable 

are oriented along the mother-bud axis. 

C. During cytokinesis, the patches and the cables 

reorient to the mother-bud junction. 
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1.14 Regulators of the S. cerevisiae Arp213 complex 

One of the components of the cortical actin patches in yeast cells is the Arp213 complex. 

In S. cerevisiae, Arp213 complex consists of the subunits Arp2p, Arp3p, Arc 15p, Arc 18p, 

Arcl9p, Arc35p and Arc40p (Winter et al., 1997; Winter et al., 1999). The S. cerevisiae 

Arp213 complex is regulated by five NPFs namely Lasl7p, Myo3p, MyoSp, Panlp and 

Abplp. Just like the NPFs in mammalian cells, the NPFs in S. cerevisiae also have the 

Arp213 complex binding CA domain. Among the five NPFs, Myo3p, MyoSp and Lasl7p 

belong to the Class I category of NPFs. The other two NPFs belong to the Class I1 

category. The five NPFs are involved in the maturation of the cortical actin patch and 

they co-localize with the -213 complex at the cortical actin patches. However, the 

NPFs arrive at the cortical patches at different stages in the maturation of the actin patch 

(Sun et al., 2006), suggesting that the NPFs possibly perform both distinct and 

overlapping functions. 

1.15 Actin cytoskeleton and endocytosis in yeast 

The earliest indication that actin is involved in endocytosis in yeast was provided by the 

observation that temperature-sensitive actin mutants were unable to carry out fluid phase 

endocytosis (Kubler et al., 1993). The endocytic process can be divided into the 

following steps, coated pit formation, membrane invagination and sequestration, 

detachment of the newly formed vesicle and the movement of the vesicle away from the 

plasma membrane and into the cytoplasm (Qualmann et al., 2000). Each of these steps 

could involve the motor activity of myosins using the actin cytoskeleton as tracks 

(Riezman et al., 1996). The specific role played by actin in endocytosis is not clear. It is 
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suggested that the actin cytoskeleton could invaginate the plasma membrane by inducing 

a curvature on the cytosolic side of the membrane which would in turn enable the nascent 

vesicle to pinch off from the plasma membrane (Schmidt et al., 1997). It is also possible 

that the cortical cytoskeleton needs to be removed from the plasma membrane in order to 

make the plasma membrane less rigid and thus assist in endocytosis (Trifaro et al., 1993). 

It has been reported that treatment of cells with jasplakinolide (a drug which stabilizes F- 

actin) inhibits endocytosis by accumulating putative vesicles at the plasma membrane 

(Ayscough, 2000), suggesting that the actin cytoskeleton is involved in the release of 

nascent vesicles from the plasma membrane. It was also shown recently that FM4-64 

labeled endosomes in S. cerevisiae co-localize with actin patches labeled with Abplp- 

GFP both during the assembly of the actin patches at the bud cortex and also during the 

movement of the patch away from the bud and towards the mother cell (Huckaba et al., 

2004; Toshima et al., 2006). Therefore, cortical actin patches could be putative sites of 

internalization during endocytosis in yeast cells. 

1.16 The Saccharomyces cerevisiae WASP homologue, Lasl7p 

Lasl7p, the S. cerevisiae homologue of WASP (Li, 1997) is one of the first proteins to be 

recruited to the cortical actin patches in yeast (Sun et al., 2006). The domain organization 

of Lasl7p is similar to that of mammalian WASP. Lasl7p exhibits a modular structure 

with a WASP Homology 1 domain (WHI) at the amino terminal, the WH2 (WASP 

Homology 2 domain) and an acidic domain (A) at the carboxyl terminal part of the 

protein (Fig. 1.10). A key difference between WASP and Lasl7p is the lack of a GTPase 

binding domain (GBD) in Lasl7p. Cdc42p regulates the localization of Las 17p to regions 
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Vrplp in a manner analogous ith thc lteraction between WASP and the WASP 

Interacting protein (WIP) (Naqvi et al., 1998; Ramesh et al., 1997). The proline rich 

regions of Lasl7p interact with the SH3 domains of Bzzlp, Hoflp, Myo3p, MyoSp and 

Rvs167p (Soulard et al., 2002; Naqvi et al., 2001; Evangelista et al., 2000; Lechler et al., 

2000; Colwill et al., 1999). n e  VCA domain of Lasl7p interacts with G-actin and also 

binds and activates the Arp213 complex (Rodal et al., 2003). 
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Figure 1 .I0 Domain organization of Las 17p. ' ' 1- 'I J , 

Vrplp interacts with the WH1 domain of Lasl7p. SH3 domain containing proteins like Myo3p, Myo5p 

and Rvs167p interact with the proline rich motifs. G-actin and the Arp213 complex interact with the 

VCA domain of Lasl7p. I ~ b , -> .!, ", , ., , 

A purified fragment encompassing only the VCA domain of Lasl7p is able to activate the 

S. cerevisiae Arp213 complex albeit to a lesser degree compared I ,. , to the full-length Lasl7p 

. -  . . . . . ' .  (Rodal et al., 2003). Moreover, genetic studies showed that complete deletion of LAS17 -.:. .:. . . . . . . .  
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Arp213 complex is not only due to its VCA domain but also due to additional regions of 

Lasl7p. It is possible that the N-terminal region of Lasl7p contributes to the activation of 

the Arp213 complex through the activity of other cytoskeletal proteins (Vrplp, Myo3p, 

Myo5p) that bind to the N-terminal region of Lasl7p (Naqvi et al., 1998; Evangelista et 

al. 2000; Lechler et al., 2000). Deletion of the C-terminal region of Las17p encompassing 

the acidic domain results in fragmentation of the vacuoles in the strain (Eitzen et al., 

2002). The motility of vacuoles or endosomes during endocytosis also requires actin 

polymerization induced by Lasl7p (Chang et al., 2003 and 2005). The involvement of 

Las 17p in endocytosis was further substantiated by the finding that the fusion of vacuoles 

was inhibited in presence of antibodies raised against Lasl7p (Eitzen et al., 2002). It was 

shown recently that Vrp l p  is recruited to the cortical patches through Las l7p and Vrp l p  

in turn recruits type I myosins to the cortical patches (Sun et al., 2006). Type I myosins 

like Myo3p and Myo5p are un-conventional myosins possessing a C-terminal Arp213 

complex activating CA domain (Evangelista et al. 2000; Lechler et al., 2000). Both 

Myo3p and Myo5p are functionally redundant and are involved in endocytosis and 

vesicle transport (Mooseker et al., 1995). The acidic domain (CA) of Las17p, Myo3p and 

Myo5p are functionally redundant as deleting the acidic domain of any two of the three 

proteins has no effects on the yeast cells but deleting the acidic domain of all the three 

proteins arrests the growth of the cells at 37OC (Evangelista et al., 2000; Lechler et al., 

2000). It has been shown recently that Myo5p and Vrplp function as a complex in 

activating the Arp213 complex (Sun et al., 2006). 
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The lack of a GBD domain in Lasl7p and the observation that purified full-length Lasl7p 

is able to promote actin polymerization in vitro even in the absence of Cdc42p (Rodal et 

al., 2003), suggests that Lasl7p is constitutively active. It was shown that the activity of 

Las17p was inhibited but not abolished by Lasl7p ligands like Bbclp (Rodal et al., 2003), 

suggesting that Lasl7p is regulated by trans-inhibition rather than by intra-molecular 

inhibition as is observed in mammalian WASP. 

1.17 Vrplp 

Vrplp is a proline rich protein related to mammalian WIP (Ramesh et al., 1997). Vrplp 

colocalizes with actin patches and plays a similar role as Lasl7p in the distribution of 

cortical actin patches. Additionally, Vrplp is also involved in regulating endocytosis in S. 

cerevisiae (Donnelly et al., 1993; Munn et al., 1995; Vaduva et al., 1997). Deletion or 

mutation in the gene encoding Vrplp leads to depolarization of the cortical actin patches 

and loss of endocytosis and also abolishes cell growth at 37OC (Donnelly et al., 1993; 

Munn et al., 1995; Vaduva et al., 1997). Interestingly, although Lasl7p is involved in 

recruiting Vrplp to the cortical actin patches, cortical patches containing Lasl7p are 

depolarized in vrplb cells (Lechler et al., 2001). It is possible that the actin patches are 

depolarized in vrplA cells due to the endocytosis defect in the strain (Valdez-Taubaz and 

Pelham, 2003). Vrplp is also required for proper vacuolar morphology and is also 

involved in the fusion of vacuoles (Eitzen et al., 2002). Vrplp has a domain organization 

similar to that of mammalian W P .  Vrplp interacts with G-actin through the V domain 

located at the N-terminal region of the protein and also through two additional actin 

binding domains located at the regions 270-364 and 460-490 in the protein (Fig. 1.1 1) 
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. - . . . . .  . . . .  . i . . . . .  (Thanabalu et al., 2007) he N-terminal region of Vrplp also has the Hoflp trap domain . . . .  . . .  . . .  . .  .' . . : . . _ . . .  
. . . .  . ., . . . . .  ' . ' . . . . . . . . . .  . (HOT) which interacts with SH3 domain containing protein Hoflp (Ren et al., 2005). The 

. ,  . _ - . -  

. . 
. . C-terminal region of Vrplp interacts with Lasl7p through the Lasl7p Binding Domain . 1 

. . .  
(LBD) (Naqvi et al., 1998). I , i i  i i 

Both the N-terminal and the C-terminal halves of Vrplp show some redundancy in 

activity. Expression of either the N-terminal or the C-terminal fragment is able to rescue 

the growth defects of the vrplA mutant cells. However, only the C-terminal fragment of 

Vrplp is capable of restoring the polarization of the actin patches in the vrplA cells 

(Thanabalu et al., 2001). Both the N-terminal and the C-terminal fragments of Vrplp are 

' capable of independently binding with type I myosins (Evangelists et al., 2000). It has 

been shown that Vrplp is essential for the polarized distribution of Lasl7p to the cortical 

patches (Anderson et al., 1998; Lechler et al., 2001), suggesting that Vrplp plays an 

important role in Lasl7p-mediated activation of the Arp2/3 complexl"" ,,' ' I  1 '  L 

1 

,- p LBD 

I l l  I 1 
.,,, I 41' 

3 I ,  

G-actin Hofl p G-actin G-actin Lasl7p 

Figure 1.1 1 Domain organization of Vrp lp. i ] I ! ,  

Vrplp has the G-actin binding V domain and the Hoflp binding HOT domain (H) at the N-terminus. 

Two additional actin binding domains (VH2N and VH2C) are also located one each at the N-terminus 
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1994). Based . . .  on sequence similarity, the myosin family can be divided . , ,@to .. , 11 i , .  classes . , -  

(Mooseker et al., 1995). Of the 11 classes of myosins, S. cerevisiae has 3 classes of 

myosins: type I myosins (Myo3p, MyoSp), type I1 myosins (Myolp) and type V myosins 

(Myo2p, Myo4p) (Watts et al., 1987; Johnston et al., 1991; Haarer et al., 1994; Goodson 

et al., 1995; Goodson et al., 1996). The type I myosins localize to the cortical actin 

patches and are involved in the activation of the Arp2/3 complex and regulate 

endocytosis (Geli and Riezman, 1996; Sun et al., 2006). The type I1 myosins localize to 

" I I . ;  

Membrane Actin Proline 
binding binding rich 

proteins 

. . . .  . . 

the bud neck and play a role in cytokinesis (Bi et al., 1998; Lippincott et al., 1998) 

similar to type I1 myosins in fission yeast (Naqvi et al., 1999). Lastly, the type V myosins 

accumulate at the bud tip and are involved in cargo transport along actin cables (Lillie et 

al., 1994; Schott et al., 2002; Hwang et al., 2003). Among the two type I myosins in yeast, 

Myo3p was the first to be identified (Goodson et al., 1995; Geli and Riezman, 1996). 
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The type I myosins contain a motor head domain at the N-terminus whereas the C- 

terminal region contains the neck region (N) followed by the TH1 domain, TH2 domain, 

SH3 domain and the acidic domain (CA) (Fig. 1.12). It has been shown that the motor 

head domain of myosins interacts with actin and is capable of molecular motion through 

the hydrolysis of ATP (Adams and Pollard, 1986, Sun et al., 2006). The motor domain of 

the type I myosins also contains a phosphorylation site (TEDS) which regulates the motor 

activity of the protein as the phosphorylation of the TEDS site leads to the activation of 

the ATPase activity of the motor domain (Barylko et al., 2000). The physiological 

significance of the TEDS site was indicated by the finding that only the expression of 

wild type Myo3p but not the TEDS mutant ~ ~ o 3 ~ ~ ~ ~ ~ ~  was able to rescue the budding 

defects in myo3A myo5A cells (Wu et al., 1997). The neck region (N) is made up of a- 

helical structures and binds with Calmodulin (Geli et al., 1998; Sun et al., 2006). The 

motor activity of myosins can be inhibited by ca2+ mediated release of Calmodulin from 

the neck region (N) (Collins et al., 1990). The THl domain of type I myosins has been 

shown to mediate the binding of the protein to cellular membranes (Lee et al., 2000). The 

TH2 domain of type I myosins has been shown to bind with F-actin (Rosenfeld and 

Rener, 1994) while the SH3 domain has been shown to bind directly with proline rich 

proteins like Lasl7p and Vrplp (Evangelista et al., 2000; Lechler et al., 2000). The C- 

terminal region of Myo5p (encompassing the CA domain) is able to promote actin 

polymerization in the presence of yeast cytosol (Geli et al., 2000) and the deletion of the 

CA domain prevents Myo5p induced Arp213 dependent actin polymerization in vitro 

(Sun et al., 2006). 
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Myo3p and Myo5p share 86% identity in the amino acid sequence at motor domain and 

62% identity in the rest of the molecule (Brown, 1997). Deletion of either MY03 or 

MY05 does not cause any obvious phenotype for growth in S. cerevisiae cells but 

deletion of both the type I1 myosins is lethal to the cells (Geli et al., 1996; Goodson et al., 

1996), suggesting redundancy of function. Even though the type I myosins are classified 

under the Class I category of NPFs, they lack a G-actin binding domain (Mooseker et al., 

1995). The SH3 domains of type I myosins interact with proline rich proteins like Vrplp 

and Lasl7p (Geli et al, 2000; Evangelista et al., 2000). It was shown that a C-terminal 

fragment of Myo5p encompassing the SH3 domain is capable of promoting actin 

polymerization in vitro (Geli et al., 2000). Introducing mutations in the C-terminal 

fragment of Myo5p that abolish interaction with Vrplp also disrupt the ability of the 

fragment to promote actin polymerization in vitro (Geli et al., 2000). Therefore, though 

the type I myosins lack a G-actin binding domain, they could possibly promote actin 

polymerization through their binding with other proteins such as Lasl7p which possess a 

G-actin binding domain. These findings suggest that the VCA domain at the C-terminal 

region of Las17p possibly has a similar role with that of the WH2 domain of Vrplp and 

the acidic domain (A) of Myo3p and Myo5p. Based on Yeast Two Hybrid data for 

interaction between proline rich peptides and the C-terminal region of Myo3p and MyoSp, 

it has been suggested that Lasl7p has 4 potential Myo3pIMyoSp binding sites while 

Vrplp has 22 Myo3pIMyoSp binding sites. The presence of three actin binding sites in 

Vrplp as compared to one actin binding site in Lasl7p (Thanabalu et al., 2007) and the 

possibility that Vrplp has 5 times as many Myo3pIMyoSp binding sites as compared to 
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Lasl7p (Evangelista et al., 2000) suggests that Vrplp is possibly more efficient than 

Las17p in promoting actin polymerization mediated by type I myosins. 

1.19 Aims of the project 

Wiskott Aldrich Syndrome (WAS) is a rare but fatal disease and the patients suffering 

from WAS have a high mortality rate unless they receive bone marrow transplantation. 

Recent studies have shown that the average age of survival for WAS patients is around 

15 years. Since the disease is caused by mutation in the Wiskott Aldrich Syndrome 

protein (WASP) which is predominantly of hematopoietic origin, most of the research on 

WASP was done by employing hematopoietic cells. However, performing large scale 

deletion or mutational analysis in mammalian systems is an expensive and time 

consuming process. Many mammalian proteins have orthologs in yeast cells which makes 

S. cerevisiae an attractive model system to study mammalian proteins, primarily because 

of the ease with which yeast cells can be propagated and the availability of powerful 

molecular biology tools to manipulate the cells. In contrast to five known members of the 

WASP family in mammals, S. cerevisiae expresses only one homologue of WASP, 

Lasl7p. Deletion of LAS17 renders the cells defective in growth and other cellular 

processes dependent on the actin cytoskeleton (Li, 1997; Madania et al., 1999). Therefore, 

human WASP can be expressed in the las17A cells to examine the suppression of the 

phenotype of the mutant yeast strain. However, there are also potential limitations of 

using a unicellular organism like S. cerevisiae as a model organism especially because it 

lacks some important features of multicellular organisms like immune system, tissues and 

organs. S. cerevisiae undergo a form of development unique to fungi and only require 
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cell-to-cell communication for mating. Additionally, yeast cells have closed mitosis and 

divide asymmetrically by budding unlike human cells. 

The first aim of the present project was to develop a system to study the activity of 

WASP in S. cerevisiae. Using this system, we want to address the following questions: 1) 

Does expression of human WASP rescue the defects of S, cerevisiae las17A cells? 2 )  

Determine if additional proteins (mammalian or yeast) are necessary for the activity of 

WASP in suppressing defects of the las17A cells. 3 )  Determine the role of the WASP 

interacting protein (WIP) in regulating WASP activity. 4) Characterize the missense 

mutations causing Wiskott Aldrich Syndrome (WAS), X-linked thrombocytopenia (XLT) 

and X-linked neutropenia (XLN) using lasl7A cells. Establishing such a model would 

enable us to characterize the domains of WASP and facilitate screening for potential 

drugs in the treatment of WAS. The second aim of this study was to examine the activity 

of the N-terminal and the C-terminal regions of Las17p in complementing the deficiency 

of the full length protein in Ias17A cells. There is an abundance of literature which 

describes the function of WASP in hematopoietic cells and the activity of its domains. In 

contrast to the studies done on WASP, there has been no systematic functional analysis 

on the domains of Lasl7p. In this project, systematic deletions were carried out on the 

domains of Lasl7p and the activity of the recombinants was studied in lasl7A cells. The 

interaction of Lasl7p with other cytoskeletal proteins and the importance of these 

interactions for the activity of Lasl7p were also studied. The findings from these 

experiments could be extended to human WASP and would thus enable a better 

understanding of the functions of the domains of human WASP. 

on 
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2 Materials and Methods 

2.1 Materials 

2.1.1 Saccharomyces cerevisiae strains 

The Saccharomyces cerevisiae strains used in this study are listed below. 

Strain Genotype Reference 
IDY 19 kt4 Ta his3 leu2 ura3 trplmfa2A::FUSI :lac2 Naqvi et al., 

- ~ 

1998 
IDY 166 M T a  his3 leu2 ura3 trpl lasl7A:: URA3 Naqvi et al., 

1998 
IDY223 M T a  his3 leu2 ura3 trpl lasl7A::LEU2 Naqvi et al., 

1998 
AMY88 MTahis4leu2ura3lys2vrplA::KanMxbarl Thanabalu. T. et 

al., 2001 
PJ69-4A M T a  his3 leu2 ura3 trpl ga14A gal80A James et al., 

met2::GAL 7-lacZ GAL2-ADE2 LYS2::GALl -HIS3 1996 

2.1.2 Escherichia coli strain 

The Escherichia coli strain DH5a was used for amplifying plasmids and in DNA 

subcloning experiments. 

DH5a F'IendA 1 hsdR 1 7(rk-mk+) supE44 thi- 1 recA 1 gyrA 
(Na1,)relA 1 ! ( l a ~ Z Y A - a r g F ) ~ ~ ~ ~  (@801acZ!M15) (Hanahan, 1983) 

2.1.3 Commercial Vectors 

The vector pUC19 was used in DNA subcloning experiments. The vectors pACT2 and 

pAS2-1 which express the Gal4p Activation domain and the Gal4p Binding domain 

respectively were used in Yeast Two Hybrid assays. The YCplac and YEplac (Gietz et. 

al., 1988) series of plasmids were used for protein expression in Saccharomyces 

cerevisiae strains for functional studies. 
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Vector Resistance Selective Expression Host 
marker 

pUC19 Amp - E. coli 
pACT2 Amp Leu S. cerevisiaelE. coli 
pAS2- 1 Amp T rp S. cerevisiaelE. coli 
YCplac22 Amp T rp S. cerevisiaelE. coli 
YCplac33 Amp Ura S. cerevisiaelE. coli 
YCplacl 1 1 Amp Leu S. cerevisiaelE. coli 
YEplac 1 12 Amp T ~ P  S, cerevisiaelE. coli 
YEplac 195 Amp U r a S. cerevisiaelE. coli 
YEplacl8 1 Amp Leu S. cerevisiaelE. coli 

2.1.4 Plasmids 

The plasmid constructs used in this study are listed in Appendix 1. Human WASP and 

Las l7p were placed under the transcriptional regulation of the VRP 1 promoter and the 

LAS 17 promoter respectively, for expression in yeast cells. 

2.1.5 Antibodies 

The antibodies used in this study are listed below and the dilutions used for the Western 

blot experiments are specified. The secondary antibodies are conjugated with Horseradish 

peroxidase (HRP). 

2.1.5.1 Primary antibodies 

Antibody Dilution Company 

Rabbit polyclonal anti-GFP 1:5000 Molecular Probes (Eugene, OR, 

USA) 

Mouse polyclonal anti-GFP 1 : 1000 This study 

Rabbit polyclonal anti-GST 1 : 1000 Molecular Probes(Eugene, OR, 

USA) 

Mouse polyclonal anti-GST 1 : 1000 This study 
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Rabbit polyclonal anti-HisT 1 : 1000 Molecular Probes(Eugene, OR, 

USA) 

2.1.5.2 Secondary antibodies 

Antibody 

Mouse anti-rabbit IgG 

Rabbit anti-mouse IgG 

Dilution Company 

1:5000 Sigma (St. Louis, Mo, USA) 

1:5000 Sigma (St. Louis, Mo, USA) 

2.1.6 Enzymes and kits used for molecular biology 

The restriction endonucleases used in subcloning experiments were purchased from New 

England Biolabs (NEB) (Ipswich, MA, USA), Fermentas (Hanover, MD, USA) or Roche 

(Indianapolis, IN, USA). The pfu DNA polymerase from Stratagene (La Jolla, CA, USA) 

and the DNA polymerase from BIOTOOLS (Madrid, Spain) were used for PCR 

amplification. The T4 DNA ligase was from Roche (Indianapolis, IN, USA). Site directed 

mutagenesis kit was purchased from Stratagene (La Jolla, CA, USA). Plasmid DNA was 

isolated from E. coli cells by using QIAprep Spin Miniprep Kit (Qiagen) (Valencia, CA, 

USA) and the QIAquick Gel extraction Kit (Qiagen) (Valencia, CA, USA) was used for 

DNA extraction form Agarose gels. The QIAquick PCR Purification Kit (Qiagen) 

(Valencia, CA, USA) was used for the purification of PCR fragments. . 

2.1.7 Chemicals and reagents 

Unless otherwise stated, all the chemicals were of analytical grade and purchased from 

Sigma Aldrich Chemical Company (St. Louis, MO, USA). DNA marker ladder was from 

NEB (Ipswich, MA, USA). The dNTP (dTTP, dATP, dGTP and dCTP) mixtures were 
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purchased from Invitrogen (Carlsbad, CA, USA). Protein molecular weight marker was 

from Bio-Rad Laboratories (Hercules, CAY USA). Phenylmethylsulfonyl fluoride (PMSF), 

1, 4-Dithiothreitol (DTT) and protease inhibitors complete-mini protease tablets were 

from Roche (Indianapolis, IN, USA). The X-gal (1-Bromo-4-Chloro-3- indolyl-b-D- 

galactopyranoside) was from BioRad (Hercules, CA, USA). 1soporpyl-Thio-B-D- 

galactopyranoside (IPTG) was from Promega (Madison, WI, USA). Ampicillin was 

purchased from Sigma-Aldrich (St. Louis, MO, USA). AbI PRISM DNA sequencing kit 

(Big Dye) was purchased from Applied Biosystems (Foster City, CA, USA). N~~+-NTA 

resin and GST sepharose were purchased from Amersham Biosciences (Buckinghamshire, 

UK). The Alexa-488-conjugated phalloidin was from Molecular Probes (Eugene, OR, 

USA). Lucifer Yellow dye was from Fluka. Nitrocellulose membrane was from Bio-Rad 

(Hercules, CA, USA). 

2.1.8 Buffers and solutions 

2.1.8.1 TAE (Tris-acetate-EDTA, 50X) 

A 50X stock solution was prepared by dissolving 242 g of Tris base, 57.1 ml of glacial 

acetic acid and 100ml of 0.5 M EDTA (pH 8.0) in 1000 ml of dd H20. 

2.1.8.2 Agarose gel 

One percent agarose was made by suspending 10 g of agarose in 1000 ml of 1X TAE 

buffer and microwaved for 10 min. The agarose solution was maintained in liquid form at 

60°C by storing in an oven. 
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2.1.8.3 DNA loading buffer 

DNA loading; buffer (6X) was made by adding bromophenol blue (0.25%), xylene cyan01 - . , - . - 

FF (0.25%) and sucrose (40%) in dd H20. The solution was stored at 4OC. 

2.1.8.4 10% SDS 

Ten grams of SDS was dissolved in 100 ml of dd H20. Do not cool the solution. 1 - 

2.1.8.5 5X Tris-glycine electrophoresis buffer 

Ninety four grams of glycine, 15.1 g of Tris and 50 ml of 10% SDS stock solution were 1 

dissolved in 1000 ml of dd H20, the pH of the solution was adjusted to 8.3. 

2.1.8.6 2X SDS-PAGE gel-loading buffer 

SDS-PAGE gel-loading buffer (2X) had 100 mM Tris-C1 (pH 6.8), 200 mM dithiothreitol, 1 

4% SDS, 0.2% Bromophenol blue and 20% glycerol. The solution was stored at 4OC. - .  

2.1.8.7 10% Ammonium persulphate 

One gram of ammonium persulphate was dissolved in 10 ml of dd Hz0 and the solution 

was stored at 4OC. I 
2.1.8.8 SDS PAGE gel destaining solution 

Methanol, dd H20 and glacial acetic acid were mixed in the ratio of 450:450: 100 to make 

the destaining solution. 
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2.1.8.15 5M NaCl 

NaCl (5M) was prepared by dissolving 292 g of NaCl in 1000 ml of dd H20 and the 

solution was autoclaved. 

2.1.8.16 10X TE buffer 

TE buffer had 0.1 M Tris-HC1 and 10 mM EDTA, the pH was adiusted to 7.5 and 

autoclaved. 

2.1.8.17 50% PEG 3350 

Fifty grams of PEG 3350 was dissolved in 100 ml of sterile deionized H20. The solution 

was warmed in a microwave to enable the PEG 3350 to dissolve faster. 

2.1.8.18 10X LiAc 

One molar lithium acetate solution was prepared in dd H20, the pH adjusted to 7.5 and 

autoclaved. 

2.1.8.19 Washing buffer for GST beads 

One percent Triton X- 100 in PBS. 

2.1.8.20 Elution buffer for GST beads 

Ten millimolar reduced glutathione in PBS. 
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2.1.8.21 Washing buffer for Ni-NTA beads 

Twenty millimolar phosphate buffer (pH 7.2), 1M NaCl, 20mM imidazole and 5mM 2- 

mercaptoethanol. 

2.1.8.22 Elution buffer for Ni-NTA beads 

Twenty millimolar phosphate buffer (pH 6.0), 0.5M NaCl, 200mM imidazole and 5mM 

2-mercaptoethanol. 

2.1.8.23 Bacterial and Yeast culture media 

2.1.8.23.1 Antibiotics stock 

Ampicillin (1000X) was 100 mglml of Ampicillin in dd H20 (100 pgmlml in working 

solution). 

2.1.8.23.2 Luria-Bertani (LB) medium 

Ten grams of Bacto-Tryptone, 5g of Bacto-Yeast extract and 5 g of NaCl dissolved in 

1000 ml of dd H20 and autoclaved. To make LB agar, 20 g of Bacto-Agar was added to 

1000 ml of liquid LB medium and autoclaved. Plates were then poured when the 

temperature of the medium had cooled to below 60°C. 

2.1.8.23.3 YPUAD medium 

Twenty grams of Bacto-Peptone, 10 g of Bacto-Yeast extract, 0.08 g of adenine 

hemisulphate and 0.04 g of uracil were dissolved in 1000 ml of dd H20 and autoclaved. 

To make YPUAD agar, 20 g of Bacto-Agar was added to 1000 ml of liquid YPUAD 
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medium and autoclaved. Plates were then poured when the temperature of the medium 

had cooled down below 60°C. 

2.1.8.23.4 SD medium 

To make SD medium, 6.7 g of Yeast Nitrogen base, 20 g of Glucose and the different 

Dl0 supplements were dissolved in 1000 ml of dd H20 and autoclaved. To make the SD 

media without Histidine for Yeast Two Hybrid strains, filter sterilized 3-AT was added to 

a final concentration of 2 mM. To make SD agar, 20 g of Bacto-Agar was added to 1000 

ml of liquid SD medium and autoclaved. Plates were then poured when the temperature 

of the medium had cooled down below 60°C. 

2.1.8.23.5 3-AT stock solution 

One molar stock solution of 3-AT was prepared in dd H20 and filter sterilized. The 

solution was stored at 4°C. 

2.2 Methods 

2.2.1 Growth and maintenance of E. coli 

E. coli was cultured in LB broth or grown on LB agar plates and maintained at 37OC. E. 

coli strains harboring plasmids encoding an ampicillin selection marker were cultured in 

LB broth or grown on LB agar plates supplemented with ampicillin (100 pglml final 

concentration). 

40 Materials and Methods 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

DRD
Rectangle

DRD
Rectangle



2.2.2 E. coli glycerol stock 

E. coli strains intended for long term preservation were maintained in glycerol stock as 

described. Five ml LB media was inoculated with a single colony of the E. coli strain and 

cultured until mid log phase. An 800 pl aliquot of the bacterial culture was mixed with 

200 p1 of 80% glycerol and then transferred to a cryo-vial and stored at -80°C. 

2.2.3 Preparation of E. coli competent cells (CaC12 method) 

A bacterial colony was picked from LB plate and inoculated in 2 ml of LB medium and 

grown overnight at 37OC. The culture was diluted to an OD600 of 0.05 in 50 ml of LB and 

incubated at 37OC to an OD600 of 0.8. The culture was then transferred to sterile 

centrifuge Falcon tubes and stored in ice until further use. The cells were spun at 5500 

rpm at 4OC for 5 minutes. The supernatant was discarded and the pellet was resuspended 

in 25 ml of ice cold sterile 100 mM MgC12. The cells were then spun at 5500 rpm for 10 

minutes at 4OC. The supernatant was discarded and the cell pellet was resuspended in 5 

ml of sterile ice cold 100 mM CaC12 for 2 hours to become transformation competent. 2 

ml of sterile ice cold 50% glycerol was added to the cell suspension. The cells were later 

stored at -80 OC as 200p1 aliquots in eppendorf tubes. The cells and the reagents were 

always maintained at 4 OC. 

2.2.4 Transformation of DNA into E. coli 

Twenty pl of competent cells were added into an eppendorf tube. The plasmid DNA (1 p1) 

was added to the competent cells and incubated on ice for 30 minutes. The tube was then 

incubated at 42OC in a water bath for 90 seconds and then immediately put on ice for 5 
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minutes. The cells were then plated on LB agar containing antibiotic and incubated at 

37°C. 

2.2.5 Isolation of plasmid DNA from E. coli 

A single bacterial colony was inoculated in 3 ml of LB containing antibiotic and grown 

overnight at 37OC. The cells were spun at 5500 rpm at 4OC for 5 minutes. The plasmid 

DNA was isolated from the pellet according to the manual provided in the plasmid 

purification kit. 

2.2.6 Growth and maintenance of S. cerevisiae 

S. cerevisiae strains were cultured in YPUAD liquid culture or streaked on YPUAD agar 

plates maintained at 24OC. When necessary, strains harboring plasmids encoding a 

nutrient selection marker were grown in Synthetic Defined (SD) liquid media or SD agar 

plates. For the hnctional studies on proteins expressed in S. cerevisiae, the strains were 

streaked on two identical YPUAD agar plates, one plate was maintained at 24OC and the 

other plate was maintained at 37OC to examine the growth of the strain at restrictive 

temperatures. 

2.2.7 Cryopreservation of S. cerevisiae strains 

S. cerevisiae strains intended for long term preservation were maintained in glycerol 

stock. A single colony of the S. cerevisiae strain was streaked on YPUAD agar plate and 

incubated at room temperature for 3-4 days. Then using a plastic loop, a thick patch of 
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2.2.9 Yeast Two hybrid assay 

S. cerevisiae strain PJ69-4A was grown in YPUAD liquid culture and prepared for 

transformation of bait plasmid pAS2-1 and prey plasmid pACT2 in which the proteins 

whose interactions are being checked are expressed as fusion constructs. The transformed 

cells were then grown on SD minimal media lacking Trp and Leu. Once the colonies had 

grown large enough, they were analyzed for growth on SD medium lacking Trp, Leu and 

His to check for interaction between the proteins. 

2.2.10 Fluid-phase endocytosis assay 

Yeast colonies were inoculated in 25 ml of YPUAD and incubated at 24OC in a shaking 

flask incubator. The next day, the overnight culture was diluted to an OD600 of 0.1-0.2 

and the cells were allowed to grow at 24OC until they had reached an OD600 of 0.6-0.8. If 

the assay was to be done to examine the ability of the cells to carry out fluid phase 

endocytosis at 37OC, the cells were shifted to 37OC for 2 hours prior to proceeding to the 

next step of the protocol. A 1000 p1 aliquot of the cell culture was transferred to a micro- 

centrifuge and the cells were centrifuged at 3000 rpm for 2 minutes. The supernatant was 

discarded and the cells were resuspended in 90 pl of fresh YPUAD liquid. 10 p1 of 

Lucifer Yellow stock solution (50 mglml Lucifer yellow carbohydrazide, dilithium salt in 

H20) was added to the tube and gently flicked to mix the contents of the tube. The tube 

was aerated by puncturing holes on the lid of the eppendorf tube with the aid of a 19 

gauge needle. Cells were incubated at 24OC or 37°C for 1 hour with occasionally flicking 

to aerate the sample. Endocytosis was stopped by adding 1 ml of ice cold wash buffer (50 

mM Na2H2P04, 10 mM NaF, 10 mM NaN3, pH 7.0) and the tube was immediately placed 
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cells were then fixed by the addition of 100 pl of 37% formaldehyde and incubated for 5 

minutes at room temperature. After fixation, the cells were spun at 5000 rpm for 2 

minutes. The supernatant was discarded and the cells were washed with 1000 pl of PBS. 

The cells were again spun at 5000 rpm for 2 minutes, the supernatant was discarded and 

the cells were permeabilized by the addition of 1000 pl of 1% Triton X-100 and 

incubated for 15 minutes. After permeabilizing the cells, the cells were spun at 5000 rpm 

for 2 minutes and then washed thrice with PBS. After the washing process, the cells were 

suspended in 50 pl of PBS containing 0.1 mglml of Alexa-488-conjugated phalloidin. 

After incubating the cells at room temperature for 30 minutes, the cells were washed 

thrice with PBS and then finally resuspended in 10 p1 of PBS. In order to prepare the 

sample for visualization under the microscope, 1 pl of the sample was placed onto a glass 

slide and a cover slip was placed on top of the cells such that the sample was spread out 

evenly. The cells were then visualized in a microscope under the appropriate filter. 

2.2.12 Genomic DNA extraction from yeast cells 

Yeast colonies were inoculated in 25 ml of YPUAD and incubated at 24OC in a shaking 

flask incubator. The next day, the overnight culture was diluted to an OD600 of 0.1-0.2 

and the cells were allowed to grow at 24OC until they had reached an OD600 of 0.6-0.8. A 

50 ml culture of exponentially growing cells was transferred to a 50 ml falcon and the 

cells were spun at 5000 rprn for 5 minutes. The supernatant was discarded and the pellet 

was resuspended in 500 pl of 1 M sorbitol and 100 p1 of 0.5 M EDTA. The cells 

suspension was transferred to an eppendorf tube, 50 p1 of 5-10 mglml yeast lytic enzyme 

was then added into the eppendorf tube and the tube was incubated at 37OC for 1 hour. 
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Cells corresponding to a total cell culture OD600 of 7 units were harvested by spinning the 

cell culture at 5000 rprn for 5 minutes. The supernatant was discarded and the pellet was 

washed with 30 ml of sterile water. The cell suspension was then spun at 5000 rprn for 5 

minutes and the supernatant was discarded. The pellet was resuspended in 1000 p1 of ice 

cold 1X TE buffer and transferred to an eppendorf tube. The tube was then spun at 14000 

rprn for 30 seconds and the supernatant was discarded. The pellet was resuspended in 240 

pl mixture containing 1.85 M NaOH and 1.06 M P-mercaptoethanol. The tube was 

incubated on ice for 10 minutes and then 240 pl of 20% TCA was added to the contents 

of the tube and incubated on ice for 10 minutes. After the incubation period, the tube was 

centrifuged at 14000 rprn for 10 minutes and the supernatant was discarded. The pellet 

was washed with 1000 pl of ice cold acetone and the pellet was collected by spinning the 

tube at 14000 rprn for 10 minutes. The pellet was resuspended in 100 pl of Urea buffer (8 

M Urea, 50 mM Tris, pH 6.8 and 2% SDS). 

2.2.14 Lysis of yeast cells (Bead beater) 

A 50 ml culture of exponentially growing yeast cells was transferred to a 50 ml falcon 

and then centrifuged at 5000 rprn for 5 minutes. The supernatant was discarded and the 

pellet was washed with 30 ml of sterile water. The cells were centrifuged again at 5000 

rprn for 5 minutes and the supernatant was discarded. The pellet was resuspended in 1000 

pl of sterile water and transferred to an eppendorf tube. Cells were pelleted at 14000 rpm 

for 30 seconds and the supernatant was discarded. The cell pellet was weighed to ensure 

that the wet weight never exceeded beyond 200 pg. The cell pellet was resuspended in 

300 pl of lysis buffer (PBS) and Protease Inhibitor Cocktail (Sigma) was added to the cell 
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suspension at the ratio of 5 p1 of the cocktail for 100 pg wet weight of the cell pellet. The 

contents of the eppendorf tube were briefly vortexed. Then the glass beads for cell lysis 

were added to the tube such that the volume of the glass beads never exceeded 500 i1. 

The eppendorf tube was placed in the bead beater equipment and subjected to bead 

beating at maximum power for 4 times at 30 seconds intervals and in between each bead 

beating cycle, the tube was incubated in ice for 30 seconds. After lysing the cells, a small 

hole was made at the bottom of the eppendorf tube with the aid of a 19 gauge needle. The 

eppendorf tube was then placed on a fresh eppendorf tube and spun at 7000 rpm for 45 

seconds to collect the cell lysate in the fresh eppendorf tube. The cell lysate was then 

spun at 14000 rpm for 45 minutes to pellet the cell debris and the supernatant was 

transferred to another eppendorf tube for analysis. 

2.2.15 GST Pull down assay 

In order to study the in vivo interaction between two proteins expressed in yeast, we used 

GST and GFP tagging strategy. The GFP fusion protein and the GST fusion protein of 

interest were expressed in the S. cerevisiae strain. The cells expressing the fusion proteins 

were inoculated in 25 ml of YPUAD and incubated at 24OC in a shaking flask incubator. 

The next day, the overnight culture was diluted to an OD600 of 0.1-0.2 and the cells were 

allowed to grow at 24OC until they had reached an OD600 of 0.6-0.8. Yeast cells were 

harvested from 100 ml of the cell culture by spinning the cells in a 50 ml falcon at 5000 

rprn for 5 minutes. The supernatant was discarded and the pellet was washed with sterile 

water and the cell suspension was spun again at 5000 rpm for 5 minutes. The supernatant 

was discarded and the pellet was subjected to glass bead lysis to extract total protein 
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lysate (section 2.2.14). The GST beads were then prepared for the pull down assay by 

washing the GST beads once with sterile water and then followed by washing with PBS 

twice. The equilibrated GST beads were then added to the total protein lysate and the pull 

down was carried out by incubating the beads at 4OC for 2 hours. The beads were then 

spun at 14000 rpm for 5 minutes and the supernatant was discarded. The beads were 

subsequently washed 3 times with PBS containing 1% Triton X-100. Finally the proteins 

bound to the beads were eluted out by treating the beads with 100 pl of Urea buffer (8 M 

Urea, 50 mM Tris, pH 6.8 and 2% SDS). 10 p1 of the eluted protein was analyzed by 

SDS PAGE electrophoresis and then subjected to western blotting. 

2.2.16 His tag pull down assay 

His tag pull down assay was also employed to examine the interaction between two 

proteins expressed in yeast cells. The two proteins of interest were tagged alternatively, 

either with a GFP tag or a His-tag and the tagged proteins were co-expressed in the S. 

cerevisiae strain. The yeast transformants were inoculated in 25 ml of YPUAD and 

incubated at 24OC in a shaking flask incubator. The overnight culture was diluted to an 

OD600 of 0.1-0.2 and the cells were allowed to grow at 24OC until they had reached an 

OD600 of 0.6-0.8. Yeast cells were harvested from 100 ml of the cell culture by spinning 

the cells in a 50 ml centrifuge tube at 5000 rpm for 5 minutes. The supernatant was 

discarded and the pellet was washed with sterile water and the cell suspension was spun 

again at 5000 rpm for 5 minutes. The supernatant was discarded and the pellet was 

subjected to glass bead lysis to obtain the total protein lysate (section 2.2.14). The Ni- 

NTA agarose beads were then prepared for the pull down assay by washing the beads 
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thrice with PBS. The pull down was then carried out by adding the beads to the total 

potein lysate and the beads were incubated at 4OC for 2 hours. The beads were then spun 

at 14000 rpm for 5 minutes and the supernatant was discarded. The beads were 

~ subsequently washed 3 times with wash buffer and finally the proteins bound to the beads 

I were eluted out by treating the beads with 100 p1 of Urea buffer (8 M Urea, 50 mM Tris, 

pH 6.8 and 2% SDS). Ten pl of the eluted protein was analyzed by SDS PAGE 

electrophoresis and then subjected to western blotting. 

2.2.17 Agarose gel electrophoresis (DNA) 

One percent agarose gel containing 0.5 pg/ml of EB was cast. After the gel had set, it was 

soaked in 1X TAE buffer and the samples were loaded in the different lanes. The samples 

were resolved by subjecting the gel to electrophoresis at 100 V. The process was stopped 

when the dye front had traveled halfway through the gel. The resolved DNA samples 

were then visualized under UV light. 

2.2.18 Extraction of DNA from the agarose gel 

The DNA sample resolved in the agarose gel was first visualized under UV light and the 

band of interest was excised out with a scalpel and placed in an eppendorf tube. The 

DNA was extracted according to the manual provided in the plasmid purification kit. 

2.2.19 Construction of recombinant plasmids 

Purified DNA fragments were digested with restriction enzymes and the reaction tube 

was prepared according to the instructions supplied by the manufacturer. All the 
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digestions were performed at 37OC for 2-3 hours and in the case of restriction enzymes 

having star activity like BamHI and EcoRI, the restriction enzyme digestion was carried 

out for a maximum duration of 2 hours. The products of the restriction enzyme digestion 

were resolved by agarose gel electrophoresis and the DNA fragments of interest were 

excised from the agarose gel and purified. Around 2 pl of each of the purified DNA 

fragment was subjected to agarose gel electrophoresis in order to verify the presence of 

sufficient quantities of DNA fragment enough for the ligation reaction. 

Purified insert DNA was ligated with linearized vector DNA by using T4 DNA ligase and 

the ligation reaction mixture was made according to the instructions supplied by the 

manufacturer. The ligation reaction mixture was incubated at 24OC for 4 hours and then 

introduced into competent E. coli cells by following the transformation protocol for E. 

coli. 

2.2.20 Verification of recombinant plasmid constructs 

2.2.20.1 Restriction digestion 

The presence of the recombinant plasmid clone was determined through restriction 

digestion by employing restriction enzymes that target unique sites on the plasmid at 

regions flanking the cloned DNA insert. The products of the restriction digestion reaction 

were analyzed by agarose gel electrophoresis to confirm the size of the expected DNA 

fragments. 

52 Materials and Methods 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



rmes 

rried 

stion 

were 

IN A 

:e of 

: and 

the 

then 

)r E. 

1 2.2.20.2 Colony screening PCR 

Colony screening PCR is a convenient method for examining the presence of the 

recombinant clone without having to first extract the plasmids from the bacterial strains. 

Single colonies of bacterial cells growing on LB (ampicillin) agar plates were inoculated 

in 5 ml of LB (ampicillin) liquid and incubated overnight at 37°C. 5 pl of the bacterial 

cell culture was used as a template in a PCR amplification reaction by employing primers 

that are able to hybridize only to regions on the cloned DNA insert and not on the vector 

backbone. The products of the PCR amplification reaction were then subjected to agarose 

gel electrophoresis and a PCR band of the correct size can be visualized only for those 

bacterial colony templates harboring recombinant plasmids. 

2.2.21 Polymerase chain reaction (PCR) 

The PCR reaction mixture contained the following, 5 p1 of 10X reaction buffer, 1 pl of 

10 pM forward primer, 1 pl of 10 pM-reverse primer, 0.5 pl of template DNA, 0.5 pl of 1 

U Taq DNA polymerase and dd H20 to make up the volume of the mixture to 50 pl. The 

reaction mixture was made in thin-wall 0.2 ml PCR tube and the reaction was performed 

as follows: 95 "C for 3 min, 95 "C for 50 seconds, 50 "C for 50 seconds, 72 "C for 

duration depending on the length of the fragment being amplified (1 minl 1 k bases). The 

PCR reaction was cycled 25 times for optimal amplification of the target fragment. The 

primers used in this study are listed in Appendix 2A and 2B. 
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2.2.22 Site-directed mutagenesis (SDM) 

Mutations of interest were generated at specific locations in the target DNA sequence by 

employing the QuikChange Site-Directed Mutagenesis kit from Stratagene (La Jolla, CA, 

USA) or by employing the Overlap Extension technique. 

2.2.22.1 SDM kit 

Site-directed mutagenesis (SDM) was performed according to the instructions provided 

in the manual of the SDM kit. After performing the PCR for mutagenesis, the PCR 

product was transformed into competent cells and plated onto LB plate containing 

ampicillin. The plasmid DNA from different clones was extracted and sequenced to 

identify the clone bearing the mutation of interest. 

2.2.22.2 Overlap extension PCR 

This technique was carried out as described (Higuchi et al., 1988; Fig. 2.1). In this 

method of mutagenesis, the DNA fragment which encompasses the target region that 

needs to be mutagenised was amplified by two separate PCR amplification reactions. 

Each PCR reaction was carried out using one flanking primer (A or D) that hybridizes at 

one end of the target DNA fragment and one internal primer (B or C) that hybridizes at 

the site of mutation and contains the mismatched bases. The DNA fragments amplified 

by the two PCR reactions, AB and CD were purified. The third PCR reaction was then 

carried out by using the DNA fragments AB and CD as template and by employing the 

flanking primers A and D. The DNA fragment amplified by the third PCR reaction would 

bear the mutation of interest and was subsequently subcloned and sequenced. 
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Figure 2.1 Schematic representation of site-directed mutagenesis by overlap extension PCR method. 

A,D: Flanking primers; B,C: Internal mutagenesis primers 

2.2.23 DNA quantification 

Purified DNA was diluted with TE buffer or water and the OD260 was measured with the 

spectrophotometer. DNA concentration was calculated using the following formula: 

DNA concentration (pg/pl) = OD260~Dilution factorxA/1000; 

A=50 pg/ml if double stranded DNA or plasmid, 

A=33 pg/ml if single stranded DNA, 

A=40 pg/ml if single stranded RNA. 
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The ratio OD260/OD280 was used to assess the purity of samples. 

OD260/ OD280 between 1.8 and 2.0 indicates the absorption due to nucleic acids. 

OD260/ OD280 less than 1.8 indicates impurity caused by proteins and/or other matter 

capable of absorbing UV light. 

OD260/ OD280 higher than 2.0 indicates possibility of RNA contamination in the DNA 

sample. 

2.2.24 DNA sequencing 

The fidelity of the DNA fragments cloned into vectors aAer PCR amplification was 

verified by DNA sequencing. The sequencing reaction was carried out in a 200 pl PCR 

tube as follows. 2.5 p1 of purified plasmid was added to the sequencing reaction mixture 

containing 8 p1 of BigDye terminator, 0.7 pl of 10 mM sequencing primer, 0.5 p1 of 

DMSO and 8.3 p1 of water. The contents of the PCR tube were gently vortexed, spun 

down and the PCR reaction was carried out as follows. 

95°C for 5 minutes, 

96°C for 10 seconds, 50°C for 5 seconds, 60°C for 4 minutes, 30 cycles. 

The products of the sequencing PCR reaction were analyzed on ABI Genetic Analyzer 

3 100. 

2.2.25 SDS-PAGE electrophoresis 

The protein samples were resolved by SDS-PAGE electrophoresis. 10-12% separation 

gel was used depending on the size of the protein sample. The sample was first mixed 

with 2X loading buffer and heated at 90-100 "C for about 2-3 min. Around 10 p1 of the 
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protein sample was loaded in each lane and the electrophoresis was carried out at 

constant current of 30 mA until the tracking dye front had migrated to the end of the gel. 

The gel was further processed either for staining of the proteins or for Western Blot 

analysis 

2.2.26 Western Blot analysis 

Western Blot analysis was used for the detection of specific proteins expressed as GFP 

fusion constructs. The SDS-PAGE gel in which the proteins had been resolved was 

directly used for electroblotting. The nitrocellulose membrane, gel and filter papers were 

soaked in the transfer buffer for about 5 minutes. The nitrocellulose membrane and the 

protein gel were overlaid on each other and sandwiched between 4 filter papers on each 

side and placed in the transfer cassette. The transfer cassette was then placed inside the 

transfer cell in the correct orientation such that the transfer of the proteins would take 

place in the direction from the protein gel and on to the nitrocellulose membrane. The 

transfer was carried out at a constant voltage of 85 V for 2 hrs. After transfer, the 

membrane was incubated in 5% milk solution in PBS for 30 minutes. Then the membrane 

was incubated in primary antibody (1:1000 dilution of the appropriate antibody in 5% 

milk solution) for overnight at 4OC. The membrane was then washed in Wash solution for 

3 times, 15 minutes per wash. The membrane was incubated in the secondary antibody 

(1 : 10000 dilution of the appropriate secondary antibody conjugated to Horseradish 

peroxidase (HRP) in 5 % milk solution) for 1 hour at 24OC. The membrane was then 

washed and the protein bands were detected with PIC0 (Pierce). 
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3 Results 

3.1 WASP suppresses the growth defect of S. cerevisiae lasl7A strain in 

the presence of WIP 

3.1.1 Introduction 

S, cerevisiae Lasl7p is a proline rich protein which is homologous to the mammalian 

WASP (Li, 1997). S. cerevisiae lasl7A strain is unable to grow at 37°C and has defects in 

endocytosis and actin patch polarization (Li, 1997; Madania, 1999). It has been shown 

earlier that the cytoskeletal defects of yeast mutant strains can be rescued by the 

expression of mammalian cytoskeletal proteins. Expression of isofonns of human fimbrin 

(T- and L-fimbrins) under the transcriptional regulation of a GALl promoter 

complements the sac6 null mutant and restores the polarization of the actin cytoskeleton 

in the mutant strain (Adams et al. 1995). Similarly, expression of human WIP under the 

transcriptional regulation of a GALl promoter complements the growth defects of vrpl 

null and vrpl-1 mutant strains and also restores endocytosis and actin patch polarization 

in the vrpl-1 mutant strain (Vaduva et al., 1999). Therefore, the ability of human WASP 

to rescue the defects of S. cerevisiae lasl7A strain was examined. The aim of this study 

was to establish a system in which human WASP is able to suppress the defects of yeast 

lasl7A strain and use the system to characterize the function of the different domains of 

WASP. This will lead to a better understanding of the molecular defects in Wiskott 

Aldrich Syndrome. 
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Figure 3.1 Schematic map of WASP constructs. 

WH1 1 1 GBD 1 I VCA I 

... - .- . .. .- 

WIP I V I  I WBD I 

WASP1 4 2 4  

WIP1403 I v I 
Figure 3.2 Schematic map of WIP constructs. 

3.1.2 Expression of WASP does not suppress the growth defects of lasl7A cells 

WH1 

WIP5~-503 

In order to express human WASP in lasl7A strain and study its activity, the cDNA 

1 GBD 1 

1 WBD I 

encoding human WASP was amplified from a human cDNA library using appropriate 

1 51 403 

primers (Appendix 2B), cloned into a yeast shuttle vector YEplacll2 and placed under 

the transcriptional regulation of the VRPl promoter. The plasmid bearing the WASP 

gene was introduced into lasl7A strain (IDY 166) by Lithium Acetate transformation. The 

yeast transformants expressing WASP were streaked on YPUAD plates to examine the 

growth at 37OC and a growth curve at 37°C was plotted by measuring the OD600 of the 
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liquid culture at 1 hour intervals. The Iasl7A cells expressing human WASP were unable 

to grow at 37OC in both the plate assay and the liquid culture assay (Fig. 3.3). 

A 24°C 37°C 

1.8 - 2 - 

1.5 - 
+WT +WT 

--C-- WASP 
- 

+WASP 
8 1.2- 
6 Vector = 1.2 - --t vector g 0.9 - 0" 

0.6 - 
O 0.8 - 

0.3 - 
0.4 - 

0 1 0 1 

0 2 4 6 8 1 0  0 2 4 6 8 1 0  
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Figure 3.3 Expression of WASP does not suppress the growth defects of lasl7A cells. 

A. Empty vector or plasmid expressing WASP was introduced into las17A cells (IDY166). The 

transformants and wild type strain IDY 19 were streaked on YPUAD plates to examine growth at 

24°C and 37°C. 

B. A growth curve was plotted by measuring the OD6oo at 1 hour intervals for liquid culture of the 

above mentioned strains grown at 24°C and 37°C. 

3.1.3 WASP-GFP does not localize to cortical patches in lasl7A cells 

It has been shown that Lasl7p localizes to the cortical patches in S. cerevisiae cells (Li, 

1997). To characterize the observed lack of complementation by expression of WASP in 

lasl7A cells, the sub-cellular localization of WASP in lasl7A cells was examined. A 

translation fusion construct of WASP and GFP was made by fusing the GFP coding 

sequence to WASP open reading frame at the C-terminus. GFP, Lasl7p-GFP and WASP- 

GFP were expressed in lasl7A cells and the GFP signal was analyzed using live cell 
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imaging. Lasl7p-GFP localized to the cortical patches (Fig. 3.4A) but cells expressing 

WASP-GFP showed a diffused cytoplasmic staining very similar to that observed in cells 

expressing only GFP (Fig. 3.4A). In order to determine if WASP was unable to 

complement due to lack of expression in the las17A cells, total protein extract from 

lasl7A strains expressing GFP or WASP-GFP were analyzed by western blotting with 

Anti-GFP antibody. Immunoblotting of protein extracts showed that WASP-GFP was 

expressed in these cells (Fig. 3.4B). 

A B 
G FP Las170-GFP WASP-GFP 

Figure 3.4 WASP-GFP does not localize to the cortical patches. 

A. lasl7A cells (IDY166) expressing GFP, Lasl7p-GFP or WASP-GFP were grown in YPUAD liquid 

to exponential phase at 24OC. GFP signal was visualized in living cells by fluorescence 

microscopy. Upper panels: FITC-fluorescence optics. Lower panels: DIC optics. Bar, 5pm. 

B. Total protein extract from IDY166 transformants growing exponentially at 24OC, expressing GFP 

or WASP-GFP were separated by SDS-PAGE and Western blotted. The GFP fusion proteins were 

detected using anti-GFP serum and Hexokinase (loading control) was detected using anti- 

Hexokinase serum. 

3.1.4 Expression of WASP rescues the growth defects of lasl7A strain in the 

presence of WIP 

In mammalian cells, WASP forms a complex with WIP (WASP interacting protein) 

similar to the complex formed by Lasl7p and Vrplp in yeast cells (Naqvi et al., 1998). In 

S. cerevisiae cells, deletion of the LAS17 or VRPl gene results in mutant strains having 
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similar phenotypes (Li, 1997; Naqvi et al., 1998; Madania et al., 1999) and it has also 

been shown that Lasl7p and Vrplp function as a complex (Thanabalu et al., 2007). 

Deletion of WIP in mammalian cells results in a phenotype similar to that of the deletion 

of WASP in mammalian cells (Anton et al., 2002). WIP is the human homologue of yeast 

Vrplp and has been shown to complement vrpl-1 and vrplA mutant as well as localize to 

cortical patches in S. cerevisiae (Vaduva et al., 1999). Thus the possibility that WIP may 

be necessary for the function of WASP in lasl7A cells was examined by expressing both 

human WIP and WASP in this strain. S. cerevisiae lasl7A cells expressing WASP and 

WIP were able to grow at 37OC in both the plate assay and the liquid culture assay (Fig. 

3.5). 

3.1.5 Co-expression of WASP and WIP in lasl7A cells does not rescue the defects in 

endocytosis and actin patch polarization 

Co-expression of WASP and WIP in lasl7A cells restored growth of the strain at 37OC. 

Next, the ability of the lasl7A cells co-expressing WASP and WIP, to carry out fluid 

phase endocytosis was examined. As compared to the wild type cells, the mutant cells co- 

expressing WASP and WIP were unable to take up Lucifer Yellow (LY) into the 

vacuoles as indicated by the lack of fluorescence in the vacuoles (Fig. 3.6A). The actin 

patches in lasl7A strain have an aberrant structure and distribution. The distribution of 

actin patches in the lasl7A cells co-expressing WASP and WIP was therefore examined 

and found that the actin patches showed an aberrant and depolarized distribution (Fig. 

3.6B). It has been shown that it is possible to rescue the growth defects of yeast mutant 

strains without simultaneously rescuing the other defects in the strain as shown by the 
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expression of N-Vrplp in vrplA cells, which rescues the growth defect of the strain at 

37OC without rescuing the actin patch polarization defect of this strain (Thanabalu et al., 

200 1). 

B 24°C 37°C 

0 2 4 6 8 1 0  0 2 4 6 8 1 0  

Time (h) Time (h) 

Figure 3.5 Co-expression of WASP and WIP suppresses the growth defects of 1m17A cells. 

A. lm17A cells (IDY166) were transformed with plasmids in the following combinations: empty 

vector, vector expressing WASP or vectors expressing WASP and WIP. The transformants and 

wild type strain IDY19 were streaked on YPUAD plates to examine growth at 24OC and 37°C. 

B. A growth curve was plotted by measuring the OD600 at 1 hour intervals for liquid culture of the 

above mentioned strains grown at 24OC and 37°C. 

63 Results 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



A WT Vector WASP WASP + WIP 

B WT Vector WASP WASP + WIP 

Figure 3.6 Co-expression of WASP and W P  does not suppress the defects in endocytosis and actin patch 

polarization of IDY 166. 

A. Exponentially growing cells of the strain IDY19 and the IDY166 transformants harboring empty vector, 

vector expressing WASP or vectors expressing WASP and WIP, incubated with LY at 24OC for 1 hr. 

The cells were washed thoroughly and LY signal was visualized by fluorescence microscopy. Upper 

panels: fluorescence optics. Lower panels: DIC optics. Bar, 5 ~ m .  

B. Exponentially growing cells at 24OC of the above mentioned strains were fixed, permeabilized and F- 

actin stained with Alexa-488-conjugated phalloidin. The actin patches were visualized by fluorescence 

microscopy. Bar, 5pm. 

3.1.6 Expression of WIP alone in lasl7A cells does not rescue growth defect of the 

strain 

Expression of both WASP and WIP in lasl7A cells rescues the growth defects of the 

strain but expression of WASP alone in the strain did not rescue the growth defects of the 

strain. This in turn raises the possibility that the ability of the strain expressing WASP 

and WIP to grow at 37OC could also be due to the activity of WIP. This was examined by 

introducing plasmid expressing WIP in lasl7A cells and the transformants were streaked 
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on YPUAD plates to examine the growth of the strain at 37OC. The mutant cells 

expressing WIP were unable to grow at 37OC (Fig. 3.7). 

Figure 3.7 Expression of WIP in IDY 166 does not suppress the growth defects of the strain. 

lasl7A cells expressing WIP or WASP + WIP were streaked on YPUAD plates to examine growth at 24OC 

and 37°C. 

3.1.7 Human WASP does not interact with S. cerevisiae Vrplp 

Lasl7p localizes to the cortical patches in the absence of Vrplp but the cortical patches 

are depolarized (Lechler et al., 2001) suggesting a possible role for Vrplp in the 

polarized distribution of Lasl7p. It has also been shown that human WASP interacts with 

WIP in a manner similar to the interaction between Lasl7p and Vrplp (Ramesh et al. 

1997). The ability of WASP to interact with Vrplp was examined in a Yeast Two Hybrid 

assay. The DNA encoding WASP or Lasl7p (a.a 1-234) were cloned into the vector 

pAS2-1 (pBD) and the DNA encoding human WIP or Vrplp (a.a 364-817) was cloned 

into the vector pACT2 (PAD). PAD-WIP and p A D - V r p l ~ ~ ~ 4 - ~ 1 ~  were introduced into the 

S. cerevisiae strain PJ69-4A along with pBD vector expressing WASP or Las17pla34 and 

the transformants were screened for growth on SD minimal media plates lacking histidine. 

The PJ69-4A strain expressing BD-WASP and AD-WIP was able to grow on SD 

minimal media plates lacking histidine but the strain expressing BD-WASP and AD- 

V r p l ~ ~ ~ ~ - ~ ~ ~  was unable to grow on SD minimal media plates lacking histidine (Table 
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3. I), suggesting that WASP does not interact with Vrplp. On the other hand, the PJ69-4A 

strain expressing B D - L a ~ 1 7 p ~ ~ ~ ~ ~  and AD-Vlplp364-817 was able to grow on SD minimal 

media plates lacking histidine but the strain expressing B D - L a s 1 7 ~ , - ~ ~ ~  and AD-WIP was 

unable to grow on SD minimal media plates lacking histidine (Table 3.1). This suggests 

that only Lasl7p interacts with Vrplp but the human homologue of Lasl7p, WASP 

doesn't interact with Vrp lp. 

Table 3.1 Human WASP does not interact with Vrpl p. 

BD-Lasl7p1,,, BD-WASP BD-Vector 

AD-Vr~1~3,4-,,'j + 

AD-WIP + 
AD-Vector 

S. cerevisiae strain PJ69-4A was co-transformed with plasmids expressing the BD fusion proteins and the 

AD fusion proteins in combinations as indicated in the table. The transformants were streaked on SD 

minimal media plates lacking histidine and incubated at 30°C for 5 days. The growth of the strains on the 

plates (+) indicated an interaction between the AD and BD fusion proteins expressed by the strain. 

"-" indicates lack of interaction. 

3.1.8 WIP mediates cortical patch localization of WASP 

Lasl7p is recruited to the cortical patches by Vrpl p during polarized cell growth (Lechler 

et al., 2001). Human WASP does not interact with S. cerevisiae Vrplp, suggesting a 

possible explanation for WASP's inability to localize to cortical patches and possibly the 

lack of complementation. To determine the localization of WASP in the presence of WIP 

in S. cerevisiae lasl7A cells, WASP-GFP and WIP were co-expressed in this strain. In 

the presence of WIP, WASP-GFP was found to localize to cortical patches of yeast cells 

at both 24°C and 37°C (Fig. 3.8). Since WASP-GFP was able to localize to cortical 

patches only in the presence of WIP, it raised the possibility that WIP was mediating the 

localization of WASP. Therefore, the localization of WIP-GFP was then examined in 
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lasl 76 cells. WIP-GFP was able to localize to cortical patches in the lasl7A strain at both 

24°C and 37"C, even in the absence of WASP (Fig. 3.8). Since WASP is able to interact 

with WIP (Ramesh et al., 1997), it suggests that WIP mediates WASP localization to the 

cortical actin patches. 

fluorescence microscopy. Upper 

panels: FITC-fluorescence optics. 

Lower panels: DIC optics. Bar, 

5 pm. 

3.1.9 WIP mediates the localization of WASP to cortical actin patches 

In order to determine whether WASP-GFP is localized to cortical actin patches, the 

ability of WASP-GFP to co-localize with patches containing Arc40p-RFP was examined 

in cells expressing WASP-GFP and WIP. Arc40p is a component of the yeast Arp213 

complex and localizes to the cortical actin patches in yeast cells (Winter et al., 1997). 

Cells expressing WASP-GFP, WIP and Arc40p-RFP were then subjected to 

epifluorescence microscopy. Some of the WASP-GFP patches were found to co-localize 
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absence of WASP was subjected to Western analysis using anti-GFP antibody. 

 muno no blotting of protein extracts showed that the expression of WIP-GFP was similar, 

both in the presence or absence of WASP (Fig. 3.10B), suggesting that expression of 

WASP does not enhance the stability of WIP. 

Figure 3.10 Expression of WIP enhances the stability of WASP in lasl7A cells. 

Total protein extract was prepared form IDY166 transformants expressing GFP, WASP-GFP, WASP- 

GFP + WIP, WIP-GFP or WIP-GFP + WASP growing at exponential phase at 24OC. The extracted 

proteins were separated by SDS-PAGE and Western blotted. The GFP fision proteins were detected 

using anti-GFP serum and Hexokinase (loading control) was detected using anti-Hexokinase serum. 

3.1.11 Fusion of CAAX box to C-terminus of WASP does not improve the activity of 

WASP 

The presence of WIP mediates localization of WASP to actin patches and suppression of 

growth defect of lasl7A strain. This in turn raises the question as to whether WASP 

would be able to suppress the growth defect of the mutant strain if WASP localized to 

plasma membrane by other localization signal. Fusion of a CAAX box motif (GCCIIC) at 

the carboxyl terminal of proteins confers them with strong cortical localization (Golsteyn 

et al., 1997). Fusing Raslp's CAAX box to GFP localizes GFP to the plasma membrane 

of S. cerevisiae and fusing CAAX to the N-terminal region of Vrplp (N-Vrplp) 
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enhanced the activity of N-Vrplp-CAAX (Thanabalu et al., 2001). Therefore, the CAAX 

box of S. cerevisiae Raslp was fused to the carboxyl terminal of WASP and WASP-GFP 

(Fig. 3.1). Lasl7p deficient yeast cells expressing WASP-CAAX were streaked on 

YPUAD to examine growth at 37OC. The mutant cells expressing WASP-CAAX were 

unable to grow at 37OC (Fig. 3.1 1A). Visualization of the mutant cells expressing WASP- 

GFP-CAAX under a fluorescence microscope showed that WASP-GFP-CAAX localized 

to the cortical membrane (Fig. 3.1 1B). Therefore, localization of WASP to plasma 

membrane alone may not be sufficient for the activity of WASP in yeast cells, suggesting 

that WIP has additional roles besides mediating WASP localization. Another possibility 

is that, rather than general localization to the plasma membrane, WASP needs to localize 

specifically to certain membrane sub-domains through its interaction with WIP in order 

to rescue the growth defect of the mutant strain. 

B GFP GFP-CAAX WASP-GFP WASP-GFP -CAAX Figure 3.11 Expression of WASP-CAAX does not 
suppress the growth defects of lasl7A cells. 

A, lasl7A cells expressing WASP-CAAX or WASP + 
WIP were streaked on YPUAD plates to examine 

growth at 24'C and 37OC. 

microscopy. Upper panels: FITC-fluorescence 

optics. Lower panels: DIC optics. Bar, 3pm. 
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Table 3.2 Human WASP interacts with S.cerevisiae 
actin and cytoskeletal proteins. 

AD-WASP AD-Vector 
PJ69-4A transformants co-expressing the 

indicated BD and AD fusion proteins were 

streaked on SD minimal media plates 

lacking histidine and incubated at 30°C for 

5 days. The growth of the strains on the 

plates (+) indicated an interaction between 

the AD and BD fusion proteins expressed 

by the strain. "-" indicates lack of 

interaction. 

3.1.13 A constitutively active variant of WASP,  WASP"'^^ is able to rescue growth 

defects of lasl7A strain but only in the presence of WIP 

It has been shown that substitution of Leucine270 to Proline (L270P) in WASP makes it 

constitutively active because the mutation allows actin polymerization even in the 

absence of Cdc42 (Devriendt at. al., 2001). Therefore, the ability of WASP bearing the 

L270P mutation, to suppress growth defects of lasl7A cells was examined. The L270P 

mutation was engineered in the DNA encoding WASP through site directed mutagenesis 

to generate the mutant construct  WASP^^^^^ (Fig. 3.1). Plasmid expressing WASP L270P 

was introduced into lasl7A cells and the transformants were streaked on YPUAD plates 

to examine for growth at 37OC. The mutant cells expressing  WASP^^^^^ were unable to 

grow at 37OC (Fig. 3.12). In order to determine whether  WASP^^^^^ requires the presence 

of WIP to rescue the growth defects of lasl7A cells, plasmids expressing  WASP"^^^ and 

WIP were introduced into lasl7A cells and the transformants were streaked on YPUAD 

plates to assess growth at 37OC. Mutant cells co-expressing  WASP^^^^^ and WIP were 

able to grow at 37°C (Fig. 3.12), suggesting that even though  WASP^^^^^ is constitutively 

active, it still requires the presence of WIP to rescue the growth defects of lasl7A cells. 
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3.1.14 localizes to the cortical patches of lasl7A strain only in the 

presence of WIP 

In order to determine whether being constitutively active would enable  WASP^^^^^ to 

localize to cortical patches of lasl7A cells, a W A S P ~ ~ ~ ~ ~ - G F P  hsion construct was 

generated. W A S P ~ * ~ ~ ~ - G F P  was expressed in lml7A cells and the transformants were 

subjected to fluorescence microscopy. WASP"~~~-GFP was unable to localize to cortical 

patches and showed a diffused cytoplasmic staining pattern (Fig. 3.13). When WIP was 

also expressed in the lasl7A cells expressing W A S P ~ ~ ~ ~ ~ - G F P ,  then W A S P ~ ~ ~ ~ ~ - G F P  was 

able to localize to the cortical patches (Fig. 3.13). Therefore, expression of WIP is 

essential for the localization and activity of  WASP"^^^ in lasl7A cells. 

1 -C WASP+ WIP 

+ WASPLnoP + WIP 
- 

WASPU7Op 

+ Vector 

0 2 4 6 8 10 

Time (h) 

Figure 3.12  WASP"^^^ suppresses the growth defects of 1m17A cells only in the presence of WIP. 

A. IDY166 transfonnants harboring empty vector or vectors expressing  WASP"^^^, WASP + WIP or 

 WASP"^^^+ WIP were streaked on YPUAD plates to examine growth at 24OC and 37°C. 

B. A growth curve was plotted by measuring the OD600 at 1 hour intervals for liquid culture of the 

indicated strains grown at 37OC. 
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GFP WASP-GFP + WIP WASPWOP-GFP WASPU70P-GFP + WIP 

Figure 3.13 W A S P ~ ~ ~ ~ ~ - G F P  localizes to the cortical patches of lasl7A cells in the presence of WIP. 

Exponentially growing l a d  7A cells expressing GFP, WASP-GFP + WIP, W A S P ~ ~ ~ ~ ~ - G F P  or 

W A S P ~ ~ ~ ~ ~ - G F P  + WIP were processed for visualizing protein localization at 24OC or 37°C. GFP 

signal was visualized in living cells by fluorescence microscopy. Upper panels: FITC-fluorescence 

optics. Lower panels: DIC optics. Bar, 5pm. 

3.1.15 WASP~'~~-CAAX is unable to rescue the growth defects of lasl7A cells 

WIP mediates WASP localization to the cortical actin patches in lasl7A cells. Though 

 WASP^^^^^ has been shown to be constitutively active,  WASP^'^^ is able to rescue the 

growth defects of lasl7A cells only if WIP is also expressed in the strain. In order to 

determine if  WASP^^^^ is able to rescue the growth defects of lasl7A cells if it was 

localized to the plasma membrane through the localization activity of the CAAX motif, 

the CAAX box of S. cerevisiae Raslp was fused to the carboxyl terminal of WASP L27OP 

(Fig. 3.1) and the fusion protein was expressed in the lasl7A strain. Lasl7p deficient 
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L270P yeast cells expressing WASP -CAAX were unable to grow at 37OC (Fig. 3.14), 

suggesting that localization of  WASP^^^^ to the plasma membrane alone may not be 

sufficient for the activity of WASP in yeast. 

24OC 37°C 

Figure 3.14 Expression of WASP"~~~-CAAX does not suppress the growth defects of lasl7A cells. 

Ias17A cells transformed with plasmids expressing proteins in the following combinations: empty 

vector, W A S P ~ ~ ~ ~ ~ - C A A X  or WASP + WIP. The transformants were streaked on YPUAD plates to 

examine growth at 24OC and 37°C. 

3.1.16 WH1 domain of WASP and the WASP Binding Domain of WIP are essential 

for WASP-WIP interaction 

The WHl domain (a.a 1-138) of WASP and the WBD domain (a.a 404-503) of WIP are 

critical for the formation of WASP-WIP complex (Ramesh et al., 1997) and the 

interaction between the domains was verified here through a Yeast Two Hybrid Assay. 

DNA encoding WASP139-502 (Fig. 3.1) and DNA encoding WIP1-4~3 (Fig. 3.2) were 

cloned into the Yeast Two Hybrid vectors, pAS2-1 (pBD) and pACT2 ('AD) 

respectively. WASP139-502 had a deletion of the WHl domain (1 -138) and WIP1-403 had a 

deletion of the WASP Binding Domain (404-503). The yeast strain PJ69-4A was then 

transformed with the following vector combinations pBD-WASP + PAD-WIP, pBD- 

WASP139-502 + PAD-WIP and pBD-WASP + P A D - W I P ~ ~ ~ ~ ,  the transformants were 

analyzed for growth on SD minimal media plates lacking histidine. Unlike PJ69-4A cells 
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expressing WASP + WIP, the transformants expressing BD-WASP139-502 + AD-WIP or 

BD-WASP + AD-WIP1-403 were unable to grow on SD minimal media plates lacking 

histidine (Table 3.3), suggesting that deleting the WHI domain of WASP or the WBD 

domain of WIP abolishes the interaction between WASP and WIP. 

Table 3.3 The WH1 domain of WASP and the WASP binding domain of 

WIP are essential for WASP-WIP interaction. 

BD-WASP BD-WASP,,,,,, BD-Vector 

AD-WIP + - 
AD-WIP14, N.D - 
AD-Vector - - - 

S. cerevisiae strain PJ69-4A was co-transformed with plasmids expressing the BD fusion proteins and the 

AD fusion proteins in combinations as indicated in the table. The transformants were streaked on SD 

minimal media plates lacking histidine and incubated at 30°C for 5 days. The growth of the strains on the 

plates (+) indicated an interaction between the AD and BD fusion proteins expressed by the strain. 

"-" indicates lack of interaction. " N . D  indicates assay not done. 

3.1.17 WASP-WIP interaction is essential for rescuing growth defects of S. cerevisiae 

lasl7A cells 

Both the WASP-WHl domain and the WIP-WBD domain are essential for the interaction 

between WASP and WIP. In order to address the importance of interaction between 

WASP and WIP for the function of WASP, lasl7A cells were transformed with plasmids 

expressing the proteins in the following combinations, WASP139-502 + WIP or WASP f 

WIP1-403. The transformants were assessed for their growth at 24OC and 37°C. The mutant 

cells expressing WASP139-502 + WIP or WASP + WIP1-403 were unable to grow at 37OC in 

either the plate assay or the liquid culture assay (Fig. 3.15), suggesting that WASP and 

WIP need to interact with each other in order to suppress the growth defect of lasl7A 
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cells. The interaction is probably required for the localization of WASP to cortical 

patches or for stabilizing WASP in yeast cells. 

*WASP + WIP +WASP + WIP 
1.6- + WASPl,,+ WIP 0.8- + WASPl3,,,+ WIP 

-A- WASP + WIPIa3 +WASP + WIP,, 
% 1.2- +vector 8 0.6- +-Vector 

n 
O 0.4- 

0.2- 

I 
0 7 

0 2 4 6 8 1 0  0 2 4 6 8 1 0  
Time (h) Time (h) 

Figure 3.15 WASP-WIP interaction is essential for suppression of growth defects of 1m17A cells. 

A. 1m17A cells were transformed with plasmids expressing proteins in the following combinations: 

empty vector, WASP + WIP, WASP139-501 + WIP or WASP + WIP1-403. The transformants were 

streaked on YPUAD plates to examine growth at 24°C and 37°C. 

B. A growth curve was plotted by measuring the OD6, at 1 hour intervals for liquid culture of the 

above mentioned strains grown at 24OC and 37°C. 

3.1.18 WASP-WIP interaction is critical for localization of WASP to cortical actin 

patches 

WASP139-502 does not suppress the growth defect of lasl7A cells even in the presence of 

WIP. Since WASP139-502 does not interact with WIP, it raises the possibility that 

WASP139-502 is unable to localize to the cortical patches. The localization of WASP139-502 
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was thus examined. A GFP fusion construct, WASP139-502-GFP and WIP were co- 

expressed in lasl7A cells and the transformants were examined under a fluorescence 

microscope. WASP139-502-GFP did not localize to the cortical actin patches, instead 

showed a difised cytoplasmic staining pattern (Fig. 3.16), suggesting that WASP139-502 

was unable to localize to the cortical patches due to its inability to interact with WIP. 
WASP-GFP WASPq3M02-GFP WASP-GFP 

GFP + WIP • WIP + WIP1-403 

Figure 3.16 WASP-WIP interaction is critical for localization of WASP to the cortical patches of lasl7A cell! 

lml7A cells expressing GFP, WASP-GFP + WIP, WASP139-502-GFP + WIP or WASP-GFP + WIPl~o, we1 

grown in YPUAD liquid to exponential phase at 24OC. GFP signal was visualized in living cells b 

fluorescence microscopy. Upper panels: FITC-fluorescence optics. Lower panels: DIC optics. Bar, 5pm. 

Immunoblotting of cell extracts from Iasl7A cells expressing WASP139-502-GFP and WIP 

showed that WASP139-502-GFP was stable (Fig. 3.17), even though WASP139-502-GFP was 

unable to interact with WIP and this was reflected even in the GFP signal as the cells 

expressing this construct were very bright but showed diffused cytoplasmic staining (Fig. 

3.16). Then the expression of W A S P I ~ ~ - ~ ~ ~ - G F P  was examined in lasl7A cells which had 

been transformed with only plasmid expressing WASP139-502-GFP and not WIP. 

Immunoblotting of cell extracts from Ias17A cells expressing only WASP139-502-GFP 

showed that W A S P I ~ ~ - ~ ~ ~ - G F P  was very stable, even in the absence of WIP (Fig. 3.17). 
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~ h u s  deleting the WHl domain enhanced the stability of WASP, however this does not 

lead to the suppression of the growth defects of the mutant strain. 

Figure 3.17 WASP139-502 is stable even in the absence of 

interaction with WIP. 

Total protein extract was prepared form IDY166 

transformants expressing WASP-GFP + WIP, WASP- 

GFP + WIP1.403, WASP139-502-GFP + WIP or WASPI3g- 
X X 

502-GFP growing at exponential phase at 24OC. The 
a-GFP extracted proteins were separated by SDS-PAGE and 

Western blotted. The GFP fusion proteins were detected 

a-Hex using anti-GFP serum and Hexokinase (loading control) 

was detected using anti-Hexokinase serum. 

11 We localization of WASP-GFP in the presence of WIP1403 was examined in lasl7A cells 

II by epifluorescence microscopy. WASP-GFP was unable to localize to the cortical actin 

II patches in the presence of 'WIP1-403 (Fig. 3.16). Next, we determined whether deletion of 

II the WASP Binding Domain of WIP has any effect on the localization of WIP1-403 to 

I1 cortical actin patches. DNA encoding GFP was fused to the C-terminus of the DNA 

II encoding WIP1403. WIP1403-GFP was expressed in lasl7A cells and the transformants 

II were subjected to epifluorescence microscopy. WIP1403-GFP localized to the cortical 

/I patches of lasl7A cells at both 24°C and 37°C (Fig. 3.18), suggesting that the WASP 

Binding Domain of WIP was not needed for the localization of WIP to cortical patches in !I . 

yeast cells. Therefore, WIP1403 was not able to mediate WASP-GFP localization to 

I cortical patches due to lack of interaction between WASP and Immunoblotting 

I of cell extracts showed that WASP-GFP was present at lower levels in the extracts from 

I lasl7A cells expressing WASP-GFP and WIP1403 as compared with that from the 

transformants co-expressing full length WIP and WASP-GFP (Fig. 3.17). 
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GFP WIP-GFP WIP,,,-GFP 

Figure 3.18 WASP binding domain of 

WIP is not required for localization to 

the cortical patches of lasl7A cells. 

las17A cells expressing GFP, WIP-GFP 

or WIP1403-GFP were grown in YPUAD 

liquid to exponential phase at 24OC. The 

cells were immediately processed for 

microscopic visualization or they were 

shifted to 37°C for 2 hours prior to the 

processing. GFP signal was visualized 

in living cells by fluorescence 

microscopy. Upper panels: FITC- 
37°C 

fluorescence optics. Lower panels: DIC 

optics. Bar, 5pm. 

3.1.19 Expression of WASP139-502-CAAX does not suppress the growth defects of 

lasl7A cells 

Expression of WASP suppresses the growth defect of las17A strain in the presence of 

WIP. It was shown earlier that one of the possible roles played by WIP in regulating the 

activity of WASP was to improve the stability of WASP in lasl7A cells. Deleting the 

WHl domain of WASP enhanced the stability of the protein which was seen in both a 

Western blot of protein extracts and also by live cell imaging. This raises the question as 

to whether this construct would be able to suppress the growth defect of lasl7A cells, if it 

was targeted to the plasma membrane using CAAX motif. Fusion of a CAAX box motif 

(GCCIIC) at the carboxyl terminal of proteins confers them with strong cortical 

localization (Golsteyn et al., 1997). The CAAX box of S. cerevisiae Raslp was fused to 

the carboxyl terminal of WASP139-502, the fusion protein WASP139-502-CAAX (Fig. 3.1) 
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was expressed in the lasl7A mutant strain both in the presence and absence of WIP. The 

transformants were streaked on YPUAD plates to examine for growth at 37OC. The 

mutant cells expressing WASPI~~-~O~-CAAX were unable to grow at 37OC (Fig. 3.19A, B), 

even in the presence of WIP. Western blotting of protein extracts showed that the 

expression of WASP,39,02-CAAX was comparable to that of WASP139.502 (Fig. 3.19C). Thus, 

enhanced stability and CAAX mediated localization did not abolish the need for 

interaction with WIP for suppressing the growth defect of the mutant strain. 

Figure 3.19 WASP139.502-CAAX does not suppress the growth defects of larI7A cells. 

A. 1mI7A cells (IDY166) were transformed with plasmids expressing proteins in the following 

combinations: empty vector, WASP139.502-CAAX or WASP + WIP. The transformants were streaked 

on YPUAD plates to examine growth at 24OC and 37°C. 

B. lasI7A cells (IDY166) were transformed with plasmids expressing proteins in the following 

combinations: empty vector, WASP + WIP or WASP139-502-CAAX + WIP. The transformants were 

streaked on YPUAD plates to examine growth at 24OC and 37°C. 

C. Total cell lysate from las17A cells (IDY166) expressing WASP13g-502 or WASP139-502-CAAX was 

western blotted and probed with anti-WASP serum and anti-Hexokinase serum. 
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3.1.20 The VCA domain at the C-terminal region of WASP is essential for the 

activity of the protein 

The VCA domain of WASP is essential for in vitro stimulation of the nucleation activity 

of Arp213 complex (Rohatgi et a]., 1999). Deleting the VCA domain of WASP inhibits 

the ability of WASP to activate the Arp2/3 complex which in turn affects the rate of actin 

polymerization. In order to determine the role of the VCA domain in the activity of 

WASP in yeast cells, plasmid encoding (Fig. 3.1) was generated. Plasmids 

expressing and WIP were introduced into lasl7A cells and the transformants 

were examined for growth on YPUAD plates at 37OC and a growth curve at 37OC was 

plotted by measuring the OD600 of the liquid culture at 1 hour intervals. The mutant cells 

expressing WIP and were unable to grow at 37OC in both the plate assay and 

liquid culture (Fig. 3.20) in yeast cells, suggesting that the VCA domain of WASP was 

essential for the activity of WASP. 

A Figure 3.20 The VCA domain is 
24OC 37°C Iasl7A essential for the activity of 

WASP in lasl7A cells. 

A. las17A cells (IDY166) were 

transformed with plasmids 

expressing proteins in the following 

combinations: empty vector, 

WASP + WIP or + 
B 24°C 37°C WIP. The transformants were 

2 - 1- 
-A- WASP + WIP +WASP + WIP streaked on YPUAD plates to 

1.e -WASP,,, + WIP 0.6  WASP,^ + WIP examine growth at 24OC and 37°C. 

0 
B. A growth curve was plotted by 

0 

measuring the OD600 at 1 hour 

intervals for liquid culture of the 

above mentioned strains grown at 
0 2 4 6 8 1 0  0 2 4 6 8 1 0  

Time (h) Time (h) 24OC and 37°C. 
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3.1.21 WASP14&FP is able to localize to the cortical patches of 1&17~ cells in the 

presence of WIP 

Expression of WASP1424 and WIP in lasl7A cells does not suppress the growth defects 

of the strain. A fbsion construct WASP1424-GFP was created and co-expressed with WIP 

in lasl7A cells and the transformants were analyzed by fluorescence microscopy. 
It'. LY17 ?7.ZL lJ lX l~2$ .J j ,Z  1 1  t r L  ('2 T A T 4 1  i ? , f  ? I (  . 

WASP1-424-GFP localized to the cortical patches in lasl7A cells at both 24°C and 37°C 

(Fig. 3.21). 

MP 

Figure 331 The VCA domain of WASP is 

not essential for the localization of WASP to 

the cortical patches. 

las17A cells (IDY 1 66) were transformed 

with plasmids expressing proteins in the 

following combinations: GFP, WASP-GFP + 
WIP or WASP14x-GFP + WIP. The 

- transformants were grown to exponential 

phase at 24OC. The cells were immediately 

processed for xnicroscopic visualization or 

they were shifted to 37OC for 2 hours prior to 

the processing. GFP signal was visualized in 

living cells by fluorescence microscopy. 

d Upper panels: FITC-fluorescence optics. 

Lower panels: DIC optics. Bar, 5pm. 

The ability of WASP1-424-GFP to localize to the cortical actin patches was examined by 

expressing Arc40p-RFP in the cells expressing WASP1424-GFP and WIP, the yeast cells 

were then visualized under a fluorescence microscope to detect localization of WASP1- 

4wGFP and AwWpiRW.. W e  af the ;W;ASPta-GFP patches were f i d  to co-localize 
. . 

. . . . . .  
with AmWpRkP patches at both 24OC atd 37% (Fig. 3.22), suggesting that the WASPI. . . . . . 2 
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, 4 2 4 ' ~  complex i~''1acalh-I to coi-&&: patches. Adysis of the pmtein extract 

h m  lasl7A cells expressing WASP14H-GFP and WIP also Showed that the deletion 

mutant is expressed at levels comparabl~ to that of the fill length protein Fig. 3.23). It 

has been shown that deletion at the C--us of WASP does not affect the interaction 

between WASP and WIB (Ramesh et al., 1997). Therefore, deleting the VCA domain of 

WASP does not affect its localization to the cortical patches or its stabilization in the 

presence of WIP, although it is unable to rescue the growth defects of lasl7A cells. 

RFP 

Figare 332 WASPlJu-GFP e 6 - ~ ~ s  with the a& ptehes of lar27A OBQB, in PlLC prc?senee of WIP. 

lar17A cctls c0-e- Arc4OpRFP and WIP were ~ w n  in YPUAD liquid to 

expmmtd phaare at 24°C. The cells were p r o c d  immediate$ for , vhdimtim or they 

were &iflad to 37OC for 2 laom prior to the processing. GFP and RFP were v i sdmd by fluorescence 

nricturscopy. h w s  point to co-1- patch. Bar, 5 p  

Figure 3.23 Expression of WASP144-GFP in larl7A cells. 

Total protein extract was prepared form JDY 166 transformants 

expressing WASP-GFP + WIP and WASP142*-GFP + WIP 

growing at exponential phase at 24OC. The extracted proteins 

a-GFP were separated by SDS-PAGE and Westem Matted. The GFP 

fwion proteins were detected using anti-GFP senun and 

. -  r 
, . . . Hexokinase senun. . . 

* 7 * - ..' - .  . . - , ~ 1 * , : 4 ' .  . . . . 

8 4  . ( l . , .  . 
; 1 .  

' . Results 
. -  . '. 
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3.1.22 The DDW motif is essential for the activity of WASP 

All the members of the WASP family of proteins have a conserved DDW motif which 

encompasses a conserved tryptophan residue at the carboxyl terminal of the protein. In 

WASP, the DDW motif is represented by the residues DEW (498-500). It has been 

shown by in vitro studies that the Arp213 complex binds to the VCA region of WASP 

through the DDW motif (Marchand et al., 2001; Weaver et al., 2002; Goode et al., 2001). 

Such studies also showed that mutating the conserved tryptophan residue in the DDW 

motif affects the affinity of the VCA region towards the -213 complex (Marchand et al., 

2001; Weaver et al., 2002; Goode et al., 2001). In order to determine the role of the DDW 

motif in the activity of WASP in lasl7A cells, the DDW motif was mutated by replacing 

the residues DEW (498-500) with AAA by PCR mutagenesis to generate plasmid 

expressing the  WASP^^* mutant (Fig. 3.1). Plasmids expressing  WASP^^^ and WIP 

were introduced into the S. cerevisine lasl7A strain and the transformants were examined 

for growth at 37OC. The transformants expressing WASP""" and WIP were unable to 

grow at 37OC in both the plate assay and the liquid culture assay (Fig. 3.24). 
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1.6 - +WASPw + WIP 0.6 - + WASPm + WIP 

8 0.6 - 
+Vector 

-1 + WASPm + WIP / 

0 2 4 6 8 1 0  0 2 4 6 8 1 0  
Time (h) Time (h) 

Figure 3.24 The DDW motif in the VCA domain is essential for the activity of WASP 

A. las17A cells (IDY166) were transformed with plasmids expressing proteins in the following 

combinations: empty vector, WASP + WIP or  WASP*^^ + WIP. The transformants were streaked 

on YPUAD plates to examine growth at 24OC and 37°C. 

B. A growth curve was plotted by measuring the OD600 at 1 hour intervals for liquid culture of the 

above mentioned strains grown at 24OC and 37°C. 

3.1.23 W A S P ~ ~ ~ - G F P  localizes to the cortical patches of lasl7A cells in the presence 

of WIP 

Expression of wAsPAAA and WIP in lasl7A cells did not rescue the growth defect of the 

strain. A fusion construct, W A S P ~ ~ - G F P  was constructed to determine its localization. 

 WASP^*-GFP and WIP were then expressed in lasl7A cells and the transformants were 

analyzed by fluorescence microscopy. W A S P ~ ~ ~ - G F P  localized to cortical patches at 

both 24°C and 37°C (Fig 3.25) in the presence of WIP. 
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i expressing Arc4Op-RFP in the cells expressing WAS*-GFP and WIP, the yeast cells 

were then visualized under a fluorescence microscope. Some of the WAS?-GFP 

patches co-localized with Arc4Op-RFP patches at both 24°C and 37°C pig. 3.26)' 

suggesting that the WAS?-WIP complex is localized to cortical actin patches. 

Irnrnunoblotting of protein extracts fiom las17A cells expressing WAS?-GF'P and 

WIP showed that the expression of WASP-GFP was comparable to the expression of 

wild type WASP (Fig. 3.27). This shows that the VCA domain and the DDW motif 

within the VCA domain are essential for the activity of WASP in suppressing the growth 

defects of lasl7A cells which in ... turn implies that WASP's ability to activate the Arp213 
: ? I  l i  r I  

complex is essential for rescuing the growth defects of lasl7A cells. 

. I  

I' I Figure 3.25 WASP- localizes to the 

cortical patches in las17A cells. 

I lm17A cells (IDY 166) were transformed 

I with plasmids expressing proteins in the 

I following combinations: GFP, WASP- 

GFP + WIP or WASP--GFP + WIP. 

The transformants were grown in 

I YPUAD liquid to exponential phase at 

I 24°C. The cells were immediately 

processed for microscopic visualization 

or they were shifted to 37OC for 2 hours 

, prior to the processing. GFP signal was 

visualized in living cells by fluorescence 

microscopy. Upper panels: FITC- 
. . . . 

fluorescence optics. Lower panels: DIC . . . . . . . . .  
. . . .  . , , .  

. . . . .  optics. Bar, 5pm. . . .  , ,  , 
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GFP ., P ML. .JE Pk-E 

Figure 336 WASP--GFP localizes to cortical actin patches in lasl7A cells, in the presence of WIP. 

las17A cells (IDY166) were co-transformed with vectors expressing WASPMA-GFP, Arc40p-RFP and 

WIP. The transformants were grown in YPUAD liquid to exponential phase at 24OC. The cells were 

processed immediately for microscopic visualization or they were shifted to 37OC for 2 hours prior to the 

processing. GFP and RFP were visualized by fluarescence microscopy. Arrows point to co-localizing 

patches. Bar, 5pm 

E 4 Figure 3.27 ~xpression of WASP***-GFP in las1 7A cells. Y 

4% yq Total protein extract was prepared form IDY 166 transformants 

4" ,, expressing WASP-GFP + WIP and WAS?-OFP + WIP 
4 growing at exponential phase at 24OC. The extracted proteins 

GFP were separated by SDS-PAGE and Westem blotted. The GFP 

J I fusion proteins were detected using anti-GFP serum and 

Hexokinase (loading control) was detected using anti- 

Hexokiaase serum. 

2 m 
3.1.k Mutation in the VCA domain L~WASP does not affect the interaction of the 

mutant WASP with WIP, S. ce-siae a& and the SH3 domains of MyoSp, Hoflp 

and Bzzl p 

Deletion of the VCA domain of WASP or a u W g  just the DDW mclntif in the VCA 
( 1  i 

domain of WASP abolished the ability of WASP to rescue the grsdL~kts of larl7d 

cells, in the presence of WIP. In order to determine whether mutation in the C-terminal 
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region of WASP has any effects on the interaction of WASP with WIP and the yeast 

cytoskeletal proteins, a Yeast Two Hybrid assay was performed. The strain PJ69-4A was 

co-transformed with plasmid expressing BD domain fused with WIP, Actlp or SH3 

domains of Bzzlp, Hoflp and Myo5p along with plasmid expressing AD domain fused 
, 

with WASP, WASP1-424 or  WASP^*^. The transformants were then streaked on SD 

minimal media plates lacking histidine to examine the interaction between the proteins. 

The transformants co-expressing BD-WIP, BD-Actlp, B D - B z z ~ ~ ~ ~ ~ - ~ ~ ~ ,  B D - H o ~ ~ ~ ~ ~ ~ - ~ ~ ~  

or BD-Myo5p1085-1219 with all the three combinations of AD-WASP constructs were able 

to grow on SD minimal media plates lacking histidine (Table 3.4), suggesting that 

deletion of the entire VCA domain or mutating just the DDW motif in the VCA domain 

of WASP has no effect on the interaction of WASP with WIP or the S. cerevisiae 

cytoskeletal proteins.. 

Table 3.4 Mutation in the VCA domain does not affect WASP interaction with WIP, Actlp or 
the SH3 domains of Bzzlp, Hoflp and Myo5p. 

AD-WASP AD-WASP,-,,, AD-WASPAAA Vector 

BD-WIP + + + 
BD-Actlp + + + 
BD-Bzz1~,9+66, + + + 
BD-Hof1~551-669 + + + 
BD-M~o5~108,1219 + + + 
BD-Vector - 

S. cerevisiae strain PJ69-4A was co-transformed with plasmids expressing the BD fusion proteins and the 

AD fusion proteins in combinations as indicated in the table. The transformants were streaked on SD 

minimal media plates lacking histidine and incubated at 30°C for 5 days. The growth of the strains on the 

plates (+) indicated an interaction between the AD and BD fusion proteins expressed by the strain. 

"-" indicates lack of interaction. 
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3.1.25 WH2N domain of WIP is essential for the activity of WASP-WIP complex 

The WH2N domain with the KLKK motif in WIP (Ramesh et al., 1997) is essential for 

complementation of vrpl mutant (Vaduva et al., 1999). In order to test the role of this 

domain for the activity of the WASP-WIP complex, DNA encoding WIP51-503 (Fig. 3.2) 

which has a deletion of the V domain was generated by PCR and cloned into the yeast 

expression vector. Plasmids expressing WASP and WIP51-503 were introduced into lasl7A 

cells and the transformants were examined for growth at 37OC. The las17A cells co- 

expressing WASP and WIP51-503 were unable to grow at 37OC in both the plate assay and 

the liquid culture assay (Fig. 3.28). 

B 24°C 37°C 
2 - 1 - 

+WASP + WIP -A- WASP + WIP 

1.6- +WASP + WIP,,,, 0.8- *WASP + WIPI,,, 

+Vector +Vector 
g 1.2- g 0.6- 

6 
O 0.4- 

0.2- 

0 -  
0 2 4 6 8 1 0  0 2 4 6 8 1 0  

Time (h) Time (h) 

Figure 3.28 The WH2N domain of WIP is essential for the activity of the WASP-WIP complex . 
A. las17A cells (IDY166) were transformed with plasmids expressing proteins in the following 

combinations: empty vector, WASP + WIP or WASP + WIP51-503. The transformants were streaked 

on YPUAD plates to examine growth at 24OC and 37°C. 

B. A growth curve was plotted by measuring the OD600 at 1 hour intervals for liquid culture of the 

above mentioned strains grown at 24OC and 37°C. 

Results 
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3.1.26 WIP51-503 is able to localize to cortical patches in lasl7A cells 

WASP was unable to rescue the growth defect of lasl7A cells in the presence of WIPSI- 

503. The localization of WIP51-503 was therefore examined in las17A cells by generating a 

fusion construct WIP51-503-GFP. Plasmid expressing WIP51-503-GFP was introduced into 

lasl7A cells and the transformants were analyzed by fluorescence microscopy. WIP51-503- 

GFP localized to cortical patches in lasl7A cells at both 24°C and 37°C (Fig. 3.29) 

suggesting that the V domain of WIP is not essential for the localization of WIP in 

lasl7A cells. 

GFP WIP-GFP WIP6,403-GFP 

Figure 3.29 WIP51-503 localizes to the 

cortical actin patches of lasl7A cells. 

lasl7A cells (IDY 166) were transformed 

with plasmids expressing proteins in the 

following combinations: GFP, WIP-GFP 

or WIPSI-503-GFP. The transformants 

were grown in YPUAD liquid to 

exponential phase at 24OC. The cells 

were immediately processed for 

microscopic visualization or they were 

shifted to 37OC for 2 hours prior to the 

processing. GFP signal was visualized in 

living cells by fluorescence microscopy. 

Upper panels: FITC-fluorescence optics. 

Lower panels: DIC optics. Bar, 5pm.. 

3.1.27 WIP51-503 is unable to interact with actin but is able to interact with WASP 

The V domain of WIP has the actin binding KLKK motif (Ramesh et al., 1997). In order 

to determine whether the deletion of the V domain has any effect on the interaction of 

WIP with yeast actin and WASP, a Yeast Two Hybrid assay was performed. The strain 

Results 
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PJ69-4A was transformed with plasmid expressing AD-WIP51_5o3 along with plasmid 

expressing BD-Actlp or BD-WASP. The transformants were then streaked on SD media 

lacking histidine to examine the interaction between the proteins. Unlike the 

transformants expressing BD-Actlp and AD-WIP, the transformants expressing BD- 

Actlp and AD-WIP51-503 were unable to grow on SD media lacking histidine (Table 3.5). 

However, transformants expressing BD-WASP and either of the two AD-WIP variants 

were able to grow on SD minimal media plates lacking histidine (Table 3.5). Therefore, 

deleting the V domain of WIP abolishes the interaction between WIP and actin but does 

not have any effect on the interaction between WASP and WIP. 

Table 3.5 WIP,,,,, does not interact with actin but interacts with WASP 

BD-WASP BD-Actlp BD-Vector 
- - -  - 

AD-WIP + 
AD-WIP,,,, + 
AD-Vector 

PJ69-4A transformants expressing the indicated combination of BD and AD fusion proteins were streaked 

on SD minimal media plates lacking histidine and incubated at 30°C for 5 days. The growth of the strains 

on the plates (+) indicated an interaction between the AD and BD fusion proteins expressed by the strain. 

"-" indicates lack of interaction. 

3.1.28 WIP51-503 is able to mediate localization of WASP to cortical actin patches and 

also stabilizes WASP-GFP in lasl7A cells 

The localization of WASP-GFP in lasl7A cells in the presence of WIP51-503 was 

examined by introducing plasmids expressing WASP-GFP and WIP51-503 in lasl7A cells 

and the transformants were analyzed by fluorescence microscopy. WIP51-503 was able to 

mediate localization of WASP-GFP to cortical patches in lasl7A cells at both 24°C and 

37°C (Fig. 3.30). Western blotting of protein extracts from lasl7A cells expressing 
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fl 

ion of WASP-GFP in the presence of WIP~I-503,  

TOM w i n  extract was prepared form IDY166 transfommnts 
I I 

expressing WASP-GFP + WIP and WASP-GFP + W I P S ~ - ~ 3  
aGFP pbase at 24PC. The eztmcted proteins were 

GE and Westem b l o w  Thc GFP fusion 

a-tiex proteins w#m &W%d wing mti-OFP senun and Hexokinase 

(loading cdml) w8!J detecbcd aiq a n t i - H e x o b  stturn. 

WASP-GFP + WIP,,, 

GFP RFP MERGE PHASE 

Figure 332  WASP-GFP localizes to cortical actin patches in the presence of WIP51-503. 

las17A cells (IDY 166) were co-transformed with vectors expressing WASP-GFP, Arc40p-RFP 

and WIP51.503. The transformants were grown in YPUAD liquid to exponential phase at 24OC. 

The cells were processed immediately for microscopic visualization or they were shifted to 37OC 

for 2 hours prior to the processing. GFP and RFP were visualized by fluorescence microscopy. 

Arrows point to co-localizing signals. Bar, 5pm. 
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Growth Localization 
WASP Constructs (37OC) 24OC 37OC 

WASP 

WASP + WIP + + + 
WASP-CAAX N N 

+ WIP + + + 
W A S ~ ~ ' ~ ~ - C A A X  N N 

WASP139-5m + WIP 

WASP + WIP1-403 

WASP139-5m-CAAX N N 

WASP139.502-CAAX + WIP N N 

WASP1.424 + WIP + + 
WASP + WIP + + 
WASP + wIP51-503 

Table 3.6 Summary of functional studies on the expression of human WASP in 
S. cerevisiae lasl7A cells. 
+: indicates ability to suppress growth defect or the localization to the cortical 
patches of lasl7A cells. 
-: indicates no growth at 37OC or no localization to the cortical patches. 
N: Not done. 
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3.2 Functional analysis of Wiskott Aldrich Syndrome (WAS) mutations 

using S. cerevisiae lasl7A cells 

3.2.1 Introduction 

S. cerevisiae las17A cells co-expressing WASP and WIP were able to grow at the 

restrictive temperature though the other defects in the strain namely endocytosis and actin 

patch polarization, were not rescued. The ability of WASP and WIP to suppress the 

growth defects of lasl7A cells requires the formation of WASP-WIP protein complex. If 

the interaction between WASP and WIP is abolished by deleting the WHl domain of 

WASP or the WASP binding domain (WBD) of WIP, then WASP is unable to suppress 

the growth defects of lasl7A cells, in the presence of WIP. In this section, the effect of 

the Wiskott Aldrich Syndrome (WAS) missense mutations on the activity of WASP in 

suppressing the growth defects of lasl7A cells was examined. 

3.2.2 Generation of WASP mutants with the missense mutations causing WAS 

Mutations that lead to Wiskott Aldrich Syndrome (WAS) disease are missense mutations, 

null mutations or splice variants of WASP (Derry et al., 1994). There are around 53 

known missense point mutations which cause the disease with varying degrees of severity 

(Imai et a]., 2003). The effect of 52 WAS missense mutations on the activity of WASP in 

lasl7A cells was studied. The point mutations were individually generated in the DNA 

encoding WASP by site directed mutagenesis to generate individual WASP constructs 

each carrying a different missense mutation (Figs. 3.33, 3.34). A summary of the findings 

is listed in Table 3.7. 
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C-terminal Mutations c 
WH1 Domain Mutations 

Figure 3.34 Locations of the Wiskott Aldrich Syndrome (WAS) WH1 domain 
mutations and the C-terminal mutations in WASP. 

3.2.3 WASP mutants bearing missense mutations in the WH1 domain are unable to 

suppress growth defects of lasl7A cells 

The activity of the 52 WASP mutants in S, cerevisiae lasl7A cells was studied by co- 

expressing individual WASP mutants with WIP in the lasl7A strain (IDY166). The 

relevant transformants were streaked on YPUAD plates to examine the growth of the 

strains at 24OC and 37°C. Of the 52 WASP mutants examined, 13 mutants were unable to 

restore growth of lasl7A cells at 37OC in the plate assay (Figs. 3.35-41; Table 3.7). The 

13 mutations (E3 1 K, L35H, G40V, L46P, W64R, G70W, C73Y, I85T, TI 1 1 P, G125R, 

F128L, E133K and A134T) which abolished the activity of WASP are all located in the 

WHl domain of WASP. 

After analyzing the effect of the 52 WAS mutations on the activity of WASP in 

suppressing the growth defects of the Iasl7A cells, it was found that 39/52 mutations did 

not affect the ability of WASP in suppressing the growth defects of lasl7A cells in the 

plate assay (Figs. 3.35-43; Table 3.7). In order to further characterize the effect of these 

39 mutations on the activity of WASP at 37OC, a growth curve was plotted by measuring 

the OD600 at 1 hour intervals for the strains expressing these WASP constructs. Visual I 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



examination of the growth curve suggests that the WASP mutants were not as efficient as 

wild type WASP in suppressing the growth defects of the lasl7A cells (Figs. 3.35-43). 

A 24°C 37°C lasf 7~ 

0.60 - 

Figure 3.35 Effect of  the Wiskott 
8 0.45 - 
n" -W-WT Aldrich Syndrome (WAS) 
0 0.30 - + M 6 1 missense mutations M61, L27F, 

+ L 27 F E31K and L35H on the activity of  

0.00 T I I I I , +vector WASP in lasl7A cells. 
0 2 4 6 8 10 

Time (h) 

0.60 
+WT 

-A- L 39 P Figure 3.36 Effect of  the Wiskott 8 0.45 
0 + R 41 G Aldrich Syndrome (WAS) missense 
0 0.30 ++ C 43 W mutations L39P, G40V, R41G, 

0.1 5 -o- T 45 M C43W, T45M and L46P on the 

0.00 7 I I I I I + Vector activity o f  WASP in l a 1  7A cells. 
0 2 4 6 8 10 

Time (h) 
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.+ A 47 D Figure 3.37 Effect of the 

+ Wiskott Aldrich Syndrome 

0 0.45 
0 

(WAS) missense mutations 

6 + Q 5 2 H  
A47D, T481, Q52H, A56V, 

0 0.30 - A  56V P58L and W64R on the 
0.15 + P 58 L activity of WASP in lasl7A 

0.00 i I I I I I + Vector cells. 

0 2 4 6 8 10 
Time (h) 

0 2 4 6 8 10 
Time (h) 

+WT 

--f-- V 7 5 M  

+ Q 7 7 G  

e S 8 2 P  

+ Y 8 3 C  

+ Vector 

Figure 3.38 Effect of the 

Wiskott Aldrich Syndrome 

(WAS) missense mutations 

G70W, C73Y, V75M, Q77G, 

S82P and Y83C on the activity 

of WASP in lasl7A cells. 
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Figure 3.39 Effect of the 

g 0.45 Wiskott Aldrich Syndrome 
n" + ~ 8 9 ~  
0 0.30 

(WAS) missense mutations - 97 F84L, 185T, R86H, G89D, 
0.1 5 + Q 99 R W97C and Q99R on the activity 

0.00 + Vector of WASP in lasl7A cells. 

0 2 4 6 8 10 
Time (h) 

+ L105P 

7 ;< 107 Figure 3.40 Effect of the Wiskott 

0 2 4 6 8 10 
Time (h) 

+ H 115Y 

+ G 119 E 

+A 124 E 

- + Vector 

Aldrich Syndrome (WAS) 

missense mutations L105P, 

Y107C, T l l l P ,  H115Y, G119E 

and A124E on the activity of 

WASP in lasl7A cells. 
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0.75 - Figure 3.41 Effect of the 
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0.60 - 

Syndrome (WAS) 

g 0.45 - missense mutations 
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0 0.30 - - WT Gl25l2, F128L, E131K, 

E133K, A134T and 

R 138 P R138P on the activity of 

+ Vector WASP in lasl7A cells. 
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Time (h) 
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--f--G187C Figure 3.42 Effect of the 

0.60 233 Wiskott Aldrich Syndrome 
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3.2.4 Localization of WASP mutants in lasl7A cells, in the presence of WIP 

Wild type WASP localizes to the cortical actin patches of lasl7A cells in the presence of 

WIP. After examining the ability of the 52 WASP mutants to suppress the growth defects 

of lasl7A cells, the sub-cellular localization of the WASP mutants in the presence of WIP 

was examined. The DNA encoding GFP was fused to the C-terminus of the DNA 

encoding the WASP constructs to generate WASP-GFP fusion constructs. Wild type 

WASP and the WASP mutants fused with GFP were then expressed with WIP in lasl7A 

cells and the transformants were analyzed with a fluorescence microscope. Wild type 

WASP-GFP and the mutant WASP-GFP bearing the C-terminal region mutations were 

able to localize to the cortical patches at both 24OC and 37OC (Figs 3.51-52; Table 3.7). 
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In the case of the WASP WHl domain mutants, of the 13 mutants which were unable to 

rescue the growth defects of lasl7A cells in the plate assay, WASP-GFP bearing each of 

the 5 mutations (W64R, G70W, TI1 lP, G125R or F128L) were unable to localize to 

cortical patches at both 24°C and 37°C (Figs. 3.46-47, 3.49-50; Table 3.7). Mutant 

WASP-GFP bearing each of the remaining 8 mutations (E31K, L35H, G40V, L46P, 

C73Y, I85T, E133K or A134T) localized to cortical patches at 24°C but not at 37OC (Figs. 

3.44-45, 3.47-48, 3.50; Table 3.7). Interestingly, WASP having the following 9 WHl 

domain mutations (C43W, P58L, S82P, R86H, W97C, L 105P, Y 107C, H115Y or A124E) 

localized to the cortical patches at 24OC but did not localize to the cortical patches at 

37°C (Figs 3.45-49; Table 3.7) even though these WASP mutants were functional in 

suppressing the growth defects of las17A at 37OC. Therefore, among the 40 mutations 

located in the WHl domain of WASP, 22 mutations affect the localization of WASP to 

cortical patches in lasl7A cells at either 37°C or at both 24°C and 37°C (Table 3.7). 

GFP M 6 1  L 27 F E31 K L 35 H 

Figure 3.44 Sub cellular localization of mutant WASP-GFP bearing the Wiskott 

Aldrich Syndrome (WAS) mutations M61, L27F, E31K and L35H in lasl7A 

cells. 
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Figure 3.45 Sub cellular localization of mutant WASP-GFP bearing the Wiskott 

Aldrich Syndrome (WAS) mutations L39P, G40V, R41G, C43W, T45M and LA6P in 

lasl7A cells. 

A47D T48 1 Q 52 H A56V P 58 L W 64 R 

Figure 3.46 Sub cellular localization of mutant WASP-GFP bearing the Wiskott Aldrich 

Syndrome (WAS) mutations A47D, T481, Q52H, A56V, P58L and W64R in lasl7A cells. 
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Figure 3.47 Sub cellular localization of mutant WASP-GFP bearing the Wiskott Aldrich 

Syndrome (WAS) mutations G70W, C73Y, V75M, Q77G, S82P and Y83C in 1m17A 

cells. 

F 84 L 185T R 86 H G 89 D W97C Q 99 R 

Figure 3.48 Sub cellular localization of mutant WASP-GFP bearingthe Wiskott 

Aldrich Syndrome (WAS) mutations F84L, I85T, R86H, G89D, W97C and Q99R in 

lasI7A cells. 
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Figure 3.49 Sub cellular localization of mutant WASP-GFP bearing the Wiskott 

Aldrich Syndrome (WAS) mutations LlOSP, Y107C, T l l l P ,  HllSY, G119E and 

A124E in lasl7A cells. 

Figure 3.50 Sub cellular localization of mutant WASP-GFP bearing the Wiskott 

Aldrich Syndrome (WAS) mutations G125R, F128L, E131K, E133K, A134T and 

R138P in lasl7A cells. 

- 
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Figure 3.51 Sub cellular localization of  mutant WASP-GFP bearing the Wiskott 

Aldrich Syndrome (WAS) mutations G187C, A236E, L270P, I294T, M307V and 

P359T in l a 1  7A cells. 

Aldrich Syndrome (WAS) mutations P373S, P459S, P476E, R477K, I481N and D485N 

in lasl7A cells. 
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3.2.5 Changes in the expression of WASP in lasl7A cells caused by the mutations 

It was shown earlier that the co-expression of WIP with WASP enhanced the stability of 

WASP in lasl7A cells which is dependent on interaction with WIP. Thus it is possible 

that some of the mutations in WASP might compromise the stability of WASP in yeast 

cells, leading to insufficient protein levels and inability to suppress the growth defect of 

las17A strain. Total protein was isolated from lasl7A cells co-expressing WIP and 

WASP-GFP bearing the WHI domain mutations and analyzed by Western blot. Western 

blot analysis of the expression of recombinant WASP with the WHl domain mutations 

showed that among the 13 mutants which were unable to suppress growth defect of 

lasl7A cells, protein expression could not be detected for WASP-GFP having each of the 

7 mutations (G40V, W64R, G70W, T11 lP, G125R, F128L or E133K) but WASP-GFP 

having each of the remaining 6 mutations (E31K, L35H, L46P, C73Y, I85T or A134T) 

could be detected on the western blot (Fig. 3.53A). Additionally, protein expression could 

not be detected for recombinant WASP-GFP bearing the mutations C43W or A124E, 

though these mutations did not affect the activity of WASP in suppressing the growth 

defects of lasl7A cells (Figs. 3.36,3.40,3.53A). 

Among the 9 mutants (G40V, C43W, W64R, G70W, T11 lP, A124E, G125R, F128L and 

E133K) which could not be detected on the western blot, WASP-GFP bearing the 

mutations G40V, C43W, A124E or El  33K were able to localize to cortical patches at 

24°C (Figs. 3.45, 3.49-50; Table 3.7). This suggests that even though WASP-GFP 

bearing these mutations could not be detected on the western blot, they were still 

expressed in sufficient quantities to mediate localization to the cortical patches which 
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could be detected under a fluorescence microscope. In the case of the mutant WASP-GFP 

bearing the remaining 519 mutations W64R, G70W, TI1 lP, G125R or F128L which 

could not be detected earlier either in the western blot or by fluorescence microscopy, 

extended exposure of the X-ray film to the immonoblots revealed the bands pertaining to 

these proteins (Fig. 3.53B). 

A & **v 4q$$ v w e e +  Q $ $ $  6 B 

a HEX a 

- - - .  - - . .  - 
a GFP 

r . $ &.? $ OLv **- '------------- a HEX Mb- 

. - 

a GFP 

a*-. ., , - .  . .."t.,C.-..w...+:."p.< . ' HEX 

a GFP 

* - .  . - 
a HEX 

- - - . -  
a GFP 

,""".-. ,-' . - . , .. - . .- ' 4  

a HEX 

Figure 3.53 Expression of wild type WASP-GFP and mutant WASP-GFP bearing WH1 domain 

mutations. 

A. Total protein extract was prepared form IDY166 transformants growing at exponential phase at 

24"C, co-expressing WIP and wild type WASP-GFP or mutant WASP-GFP having WH1 domain 

mutations. The extracted proteins were separated by SDS-PAGE and western blotted. The GFP 

fusion proteins were detected using anti-GFP serum and Hexokinase (loading control) was detected 

using anti-Hexokinase. 

B. The indicated WASP mutant derivatives were imrnunoblotted and detected by extended exposure. 
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WASP Phenotype Growth Localization 

Constructs 37OC 24OC 37OC 
WT + + + 

M 6 1  X + + + 
L 2 7 F  X + + + 
E31 K Wix + 
L35 H W + 
L 3 9 P  wix + + + 
G 4 0 V  W + 
R41  G X + + + 
C 4 3 W  W + + 
T 4 5 M  X + + + 
L 4 6 P  X + 
A 47 D X + + + 
T 48 I X + + + 
Q 5 2 H  X + + + 
A56V X + + + 
P 5 8 L  Wix + + 
W 6 4 R  W 
G 70 W W 
C 73 Y W + 
V 7 5 M  Wix + + + 
Q 7 7 G  X + + + 
S 82 P W + + 
Y 83 C X + + + 
F 84 L WIX + + + 
I 8 5 T  W + 
R 8 6 H  Wix + + 
G 89 D X + + + 
W 9 7 C  Wix + + 
Q 9 9 R  X + + + 
L 105 P W + + 
Y 107 C Wix + + 
T 111 P W 
H 115Y W + + 
G 119 E X + + + 
A 124 E W + + 
G 125 R W 
F 128 L W 
E 131 K Wix + + + 
E 133 K Wix + 
A 134T W + 
R 138 P Wix + + + 
G 187C X + + + 
A 236 E X + + + 
L 270 P N + + + 
I294 T N + + + 

M 307 V X + + + 
P 359 T W + + + 
P 373 S W + + + 
P 459 S W + + + 
K 476 E W + + + 
R 477 K X + + + 
I481 N X + + + 
D 485 N Wix + + + 

Table 3.7 Functional studies on 52 WAS mutations and their associated phenotypes. 
"+" indicates the ability to suppress growth defect or the ability to localize to the 
cortical patches in lasl7A cells in the presence of WIP, "-" indicates no growth of 
the strain at 37OC or no localization to the cortical patches. 
W: Wiskott Aldrich syndrome (WAS), 
X: X-linked thrombocytopenia (XLT), 
N: X-linked neutropenia (XLN). 
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3.2.6 Mutant WASP bearing the mutations E31K, L35H, L46P, C73Y, I85T or 

A134T are expressed at both 24OC and 37OC 

The following WHl domain mutations, E31K, L35H, L46P, C73Y, I85T or A134T 

abolished the ability of WASP to suppress the growth defects of lasl7A cells. However, 

mutant WASP variants were expressed well enough that their localization to cortical 

patches at 24°C could be detected by fluorescence microscopy or by immunoblotting. It 

is possible that WASP bearing the 5 mutations (E31K, L35H, L46P, C73Y, I85T or 

A134T) were stable only at 24°C but at 37OC the proteins could be unstable thus 

explaining the inability of the mutant WASP to suppress the growth defects of the lasl7A 

cells. Therefore, the stability of WASP bearing the 5 mutations (E31K, L35H, L46P, 

C73Y, I85T or A134T) at 37OC was examined. The las17A cells co-expressing WIP and 

the mutant WASP were grown to exponential phase at 24OC and immediately processed 

for extraction or the cell culture was shifted to 37°C for 2 hours prior to the extraction of 

total protein. Total lysates from the strains grown at 24OC or 37°C were western blotted 

with anti-GFP antibody. Immunoblotting of the protein extracts showed that mutant 

WASP-GFP bearing the mutations E31K, L35H, L46P, C73Y, I85T or A134T were 

stably expressed at both 24°C and 37OC (Fig. 3.54). 

4 Figure 3.54 Expression of mutant WASP-GFP bearing 

4 6  w w the mutations E31K, L35H, L46P, C73Y, I8ST or 

a GFP A134T in lasl7A cells, in the presence of WIP at 24OC 
. 

and 37°C. 
a HEX Total protein extract was prepared from IDY166 

transformants co-ex~ressine WIP and wild tMe u d r 

a GFP WASP-GFP or mutant WASP-GFP. The cells were 
37°C grown to exponential phase at 24OC and processed 

a HEX immediately for protein extraction or shifted to 37OC 

for 2 hrs prior to the extraction of proteins. The 

extracted proteins were Western blotted and probed 

with anti-GFP serum and anti-Hexokinase serum. 
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3.2.7 A134T mutation in WASP does not affect WASP-WIP interaction in a Yeast 

Two Hybrid assay 

Among the 52 Wiskott Aldrich Syndrome (WAS) mutations characterized in this study, it 

was determined that 5 mutations (E31K, L35H, L46P, C73Y, I85T or A134T) abolished 

the ability of WASP to suppress the growth defects of las17A even though the mutant 

proteins were stable at 37°C. This raises the possibility that the mutations might cause 

conformational changes which could affect the interaction of the mutant WASP with 

other cytoskeletal proteins. 

Using Yeast Two Hybrid assay, it has been shown that truncated WIP (residues 377-503) 

representing the WASP binding region failed to interact with the WH1 domain (residues 

1-170) of WASP having the A134T mutation (Stewart et al., 1999; Luthi et al., 2003). 

The effect of the A 134T mutation on the interaction between full length WASP and WIP 

A134T was not determined. Fluorescence microscopy revealed that WASP -GFP was able to 

localize to cortical patches of lasl7A cells in the presence of WIP at 24OC, possibly 

through interaction with WIP. Therefore, the interaction between the full length proteins 

 WASP^"^^ and WIP was examined in a Yeast Two Hybrid assay. Yeast PJ69-4A strain 

was transformed with plasmids expressing AD-WIP and BD-WASP or B D - W A S P ~ ' ~ ~ ~  

and the transformants were streaked on SD minimal media plates lacking histidine. The 

A134T transformants co-expressing AD-WIP and BD-WASPI BD-WASP were able to grow 

on SD minimal media plates lacking histidine (Fig. 3.55A), suggesting that full length 

A134T WIP interacts with full length WASP . The interaction of WIP with was 

then examined in a GST pull down assay. Plasmid expressing WIP-GST fusion was 
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introduced into lasl7A cells along with plasmid expressing WASP-GFP or WASP A134T- 

GFP. Total lysate from transformants expressing the GST and GFP fusion proteins was 

obtained and clarified. GST beads were then added to the clarified cell lysate to pull 

down WIP-GST. After performing the pull down, the proteins bound to the beads were 

eluted, resolved by SDS PAGE and western blotted. The western blot membrane was 

probed with anti-GFP and anti-GST. Analysis of the interaction between WIP and the 

WASP constructs by GST pull down assay showed that WIP-GST was able to pull down 

wild type WASP-GFP but W A S P ~ ' ~ ~ ~ - G F P  did not bind to WIP-GST (Fig. 3.55B). Thus, 

based on the data Erom the Yeast Two Hybrid assay and the pull down assay, it can be 

concluded that the  WASP^'^^^ mutant interacts weakly with WIP and that this interaction 

is sufficient to mediate localization at 24OC but not sufficient for suppressing the growth 

defect of the lasl7A strain at 37OC. 

A 
Yeast two-hybrid protein interaction assay 

BDWASP BD-WASPA134T BD-Vector 

+ + 
AD-WIP 

AD-Vector 

Figure 3.55  WAS^"^^ does not interact with WIP 

A. S. cerevisiae skain PJ69-4A was co-transformed with plasmids expressing the BD fusion proteins and the AD fusion proteins in 

the combinations as indicated in the table. The kansformants were skeaked on SD minimal media plates lacking histidine and 

incubated at 30°C for 5 days. The growth of the skains on the plates (+) indicated an interaction between the AD and BD fusion 

proteins expressed by the strain. "-" indicates lack of interaction. 

B. lasI7A cells (IDY166) were co-transformed with plasmids expressing WIP-GST and WASP-GFP or WASP\"~~-GFP. The 

transformants were grown in YPUAD liquid at 24OC to exponential phase and a GST pull down assay was done. The GFP fusion 

proteins were detected using anti-GFP serum and WIP-GST was detected using anti-GST serum. 

C. Total cell lysate from las17A cells (IDY166) cwxpressing WIP-GST and WASP-GFP or WAS+'~"-GFP was western blotted 

and probed with anti-GFP serum and anti-Hexokinase serum. 
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3.2.8 interacts with S. cerevisiae actin and the SH3 domains of MyoSp, 

Hoflp and Bzzlp 

Wild type WASP interacts with S. cerevisiae actin and the SH3 domains of MyoSp, 

Hoflp and Bzzlp in a Yeast Two Hybrid assay. Expression of  WASP^'^^^ was unable to 

rescue the growth defects of lasl7A cells in the presence of WIP. The mutations in 

A134T WASP abolished interaction with WIP in a pull down assay. In order to determine 

whether the mutation in  WASP*'^^^ also affects the interaction of the mutant WASP with 

the yeast cytoskeletal proteins, a Yeast Two Hybrid assay was performed. The DNA 

encoding  WASP^'^^^ was cloned into the vector pACT2 (PAD). p ~ ~ - ~ ~ ~ ~ A 1 3 4 T  was 

introduced into the S. cerevisiae strain PJ69-4A along with each of the pBD vectors 

expressing actin or the SH3 domains of MyoSp, Hoflp and Bzzlp. The transformants 

were then screened for growth on SD minimal media plates lacking histidine. The 

transformants expressing BD-WASP and the AD domain fused with Actlp, Myo5plos5- 

1219, H ~ f l p ~ ~ ~ - ~ ~ ~  or B z z ~ ~ ~ ~ ~ - ~ ~ ~  were able to grow on SD minimal media plates lacking 

A134T histidine (Table 3.8), suggesting that WASP is able to interact with actin and the 

SH3 domains of MyoSp, Hoflp and Bzzlp. Therefore, the mutation in  WASP^'^^^ only 

affects the interaction of the protein with WIP but does not affect the interaction of the 

mutant WASP with the yeast cytoskeletal proteins. 

Table 3.8 Interaction of WASPA134T with S.cerevisiae actin and SH3 
domains of Bzzlp, Hoflp and Myo5p. 

AD-WASP AD-WASPAIMT AD-Vector 

PJ69-4A transformants expressing the 

indicated fusion proteins were 

streaked on SD minimal media plates 

lacking histidine and incubated at 

30°C for 5 days. The growth of the 

strains on the plates (+) indicated an 

interaction between the AD and BD 

fusion proteins expressed by the strain. 

"-" indicates lack of interaction. 
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Arp213 complex (Rodal et al., 2003). A possibility that the N-terminal and the C-terminal 

fragments of Las l7p can restore the growth defects of lasl7A strain was therefore 

investigated. 

In order to express full length Las l7p, N-Las 1 7 ~ ~ - ~ ~ ~  (N-terminal region of Las l7p) and 

C-Las 1 7 ~ ~ ~ ~ - ~ ~ ~  (C-terminal region of las 17p) in lasl7A strain, the DNA encoding Las l7p, 

N - L a ~ 1 7 p , - ~ ~ ~  and C - L a ~ 1 7 p ~ ~ ~ - ~ ~ ~  under the transcriptional regulation of the LAS 17 

promoter were cloned in a yeast shuttle vector YCplac33 (Fig. 3.56). The plasmids 

expressing Lasl7p, N-Las 1 7pl-368 and C - L a ~ 1 7 p ~ ~ ~ - ~ ~ ~  were introduced into a lasl7A 

strain (IDY223) by Lithium Acetate transformation. The transformants expressing 

Las l7p, N-Las 1 7 ~ ~ - ~ ~ ~  and C-Las 1 7 ~ ~ ~ ~ - ~ ~ ~  were streaked on YPUAD plates -to examine 

for growth at 37OC and a growth curve at 37OC was plotted by measuring the OD600 of the 

liquid culture at 1 hour intervals. Transformants expressing N-Las 1 7 ~ ~ - ~ ~ ~  were able to 

grow at 37OC in both the plate assay and the liquid culture assay just like the 

transformants expressing full length Lasl7p, while the transformants expressing C- 

L a ~ 1 7 p ~ ~ ~ - ~ ~ ~  were unable to grow at 37OC in either the plate assay or the liquid culture 

assay (Fig. 3.57). 

1 185 368 

N-Lasl7~,.~, ,  r' "' WH1 ' I PPPP 

Figure 3.56 Schematic map of Lasl7p, N-Lasl7p,-,, and C-las17p3,,,, constructs. 
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Figure 3.57 Expression of N - L a s 1 7 ~ ~ - ~ ~ ~  complements the growth defects of lasl7A cells. 

A. Empty vector or vector encoding Las l7p, N-Las 1 7pl-368 or C-Las 1 7 ~ ~ ~ ~ - ~ ~ ~  was introduced into 

IDY223. The transformants were streaked on YPUAD plates to examine growth at 24°C and 37°C. 

B. A growth curve was plotted by measuring the OD6oo at 1 hour intervals for liquid culture of the 

above mentioned strains grown at 24OC and 37°C. 

3.3.3 N - L a ~ 1 7 p , - ~ ~ ~  restores endocytosis and actin patch polarization in lasl7A strain 

Expression of N-Las17p1-~6~ complements the growth defects of the lasl7A cells, but can 

it replace full length Lasl7p in complementing all the defects of the lasl7A strain? In 

order to answer this question, the ability of N - L a ~ 1 7 p ~ - ~ ~ ~  to complement the defects in 

endocytosis and actin patch polarization of lasl7A cells was examined. las17A 

transformants expressing Las l7p, N-Las 1 7p 1-368 and C-Las 1 7 ~ ~ ~ ~ - ~ ~ ~  were analyzed for 

uptake of Lucifer Yellow (LY) in a fluid phase endocytosis assay. Expression of either 

Lasl7p or N-La~l7p~-~68 in lasl7A cells enabled the uptake of Lucifer Yellow (LY) at 
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both 24°C and 37°C as indicated by the fluorescence in the vacuoles whereas the 

transformants expressing C - L a ~ 1 7 p ~ ~ ~ - ~ ~ ~  showed no fluorescence in the vacuoles at 

either 24°C or 37°C (Fig. 3.58) just like the control cells harboring an empty vector. The 

fluorescence in the vacuoles of the lasl7A cells expressing N - L a s 1 7 ~ ~ - ~ ~ ~  was comparable 

to that of the cells expressing Lasl7p (Fig. 3.58). 

Vector Lasl7p 

Figure 3.58 Expression of N - L a s 1 7 ~ , - ~ ~ ~  rescues the endocytosis defects of lasl7A cells. 

IDY223 transformants growing exponentially at 24°C and harboring empty vector, vector expressing 

Lasl7p, N - L a s 1 7 ~ , - ~ ~ ~  or C - L a ~ 1 7 p ~ ~ ~ - ~ ~ ~  were incubated with LY at 24°C or 37°C and washed thoroughly. 

For performing the assay at 37"C, the cells ,were incubated at 37OC for 2 hours prior to the addition of LY. 

LY signal was visualized by fluorescence microscopy. Upper panels: fluorescence optics. Lower panels: 

DIC optics. Bar, 5pm. 

The distribution of actin patches in lasl7A cells expressing Las17p, N - L a ~ 1 7 p ~ - ~ ~ ~  and C- 

L a ~ 1 7 p ~ ~ ~ - ~ ~ ~  was then examined by staining the cells with Alexa-488-conjugated 
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phalloidin. The S. cerevisiae lasl7A cells expressing N - L a ~ 1 7 p , - ~ ~ ~  showed polarization 

of actin patches at both 24°C and 37°C in contrast to the transformants expressing C- 

L a ~ 1 7 p ~ ~ ~ - ~ ~ ~  where the actin patches were depolarized (Fig. 3.59A). The ability of N- 

L a ~ 1 7 p ~ - ~ ~ ~  to rescue the cytoskeletal defect in lasl7A cells was further supported by the 

observation that the sensitivity of Iasl7A cells to 1M salt was rescued by expression of N- 

L a ~ 1 7 p ~ - ~ ~ ~  (Fig. 3.59B). 

A Vector Lasl7p N-Lasl7p,,,, C-Lasl 7p,,0,~, 

B 24OC 
YPUAD YPUAD+I M NaCl 

Figure 3.59 Expression of N - L a s 1 7 ~ ~ - ~ ~ ~  restores actin patch polarization in lasl7A cells. 

A. lasl7A cells harboring empty vector or vector expressing Lasl7p, N-La~l7p,,,~ or C - L a ~ 1 7 p ~ ~ ~ - ~ ~ ~  were 

fixed immediately or were shifted to 37°C for 2 hours prior to fixing. The fixed cells were permeabilized 

and F-actin stained with Alexa-488-conjugated phalloidin. The actin patches were visualized by 

fluorescence microscopy. Bar, 5 pm. 

B. The transformants harboring empty vector or vector expressing Lasl7p or N - L a ~ 1 7 p ~ - ~ ~ ~  were streaked 

on YPUAD plate and YPUAD plate containing 1M NaCl and incubated at 24OC. 
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3.3.4 N - L a ~ 1 7 p ~ ~ ~ ~  localizes to the cortical actin patches of lad74 cells 

~ Lasl7p localizes to cortical actin patches through its own localization activity as well as 

~ through interaction with Vrplp (Li, 1997; Lechler et al., 2001). In order to determine 

their localization, GFP fusion constructs of Las l7p, N-Las 1 7 ~ ~ - ~ ~ ~  and C - L a ~ 1 7 p ~ ~ ~ - ~ ~ ~  

were generated. Centromeric plasmids expressing GFP, Las l7p-GFP, N-Las 1 7p -368-GFP 

or C-Las17p370-633-GFP were introduced into the lasI7A strain and the transformants were 

analyzed by fluorescence microscopy. Live cell imaging showed that Lasl7p-GFP and N- 

localized to cortical patches in IasI 7A cells at both 24°C and 37°C while 

GFP and C-Lasl 7p370-633-GFP showed diffused cytoplasmic staining (Fig. 3.60). 

GFP Lasl7p N-Lasl7p,,, C-Lasl7p,,,,,, 
-GFP -GFP -GFP 

Figure 3.60 N - L a ~ l i ' p ~ - ~ ~ ~ - G F p  localizes to the cortical patches of lasl7A cells. 

Vector encoding GFP, Las l7p-GFP, N-Las 1 7pl.368-GFP or C-las 1 7pj70-633-GFP was introduced into 

las17A cells. The transformants were grown in YPUAD liquid to exponential phase at 24OC. For 

microscopic visualization at 37OC, the cells were shifted to 37°C for 2 hours prior to the processing. 

GFP signal was visualized by fluorescence microscopy. Upper panels: FITC-fluorescence optics. 

Lower panels: DIC optics. Bar, 5pm. 
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In order to determine whether N-Las17pl-368-GFP localizes to cortical actin patches, 

Arc40p-RFP was expressed in the cells expressing Lasl7p-GFP and N-Las17p13rn-GFP. 

The transformants were examined under a fluorescence microscope using the GFP and 

RFP filter sets. Some of the Lasl7p-GFP and N-Las17pl,368-GFP patches were found to 

co-localize with Arc40p-RFP patches (Fig. 3.6 1 A). The expression of N-Las 1 7pl -3m-GFP 

and C - L ~ S ~ ~ ~ ~ ~ ~ ~ ~ - G F P  in the las17A cells was then examined. Total protein extract 

prepared h m  the transformants expressing N-Las 1 7p1 -368'GFP and C-Las 1 7p370a33-GFP 

was resolved by SDS PAGE and analyzed by western blot. Immunoblotting of protein 

extracts showed tbt both N-h17pl-3a-GFP and C - L ~ S ~ ~ P ~ ~ ~ ~ ~ - G F P  are expressed at 

comparable levels (Fig. 3.61B). Thus? N-Las17~~-3~~ can functionally replace Lasl7p in 

complementing the grow& a m &  and adin patjch polhation defects in S. 

cerevisiae lasl7A cslls. 

OW 

Fipre 3.61 KLasll 7pIJ6) locsllzes to the cortical actin patdam of h l 7 A  cells. 
A lml7A cells cosxpressing ArdOp-RFP d Lasl7p-GFP or N-las17~~-~~-GPP were grown in YPUAD liquid at 

24°C. GFP and RFP were visualized by fluorescence tnicrompy. h w s  point to co-localizing patches. Bar, 

S C I ~  

8. Total protein extiact was prepared from larl7A cells expressing N - L ~ S ~ ~ ~ ~ . ~ - G F P  or C - L ~ ~ I ~ R ~ ~ ~ - G F P .  The 

extracted proteins were separated by SDS-PAGE and Western blotted. The GFP fusion proteins were detected 

using anti-GFP serum and Hexokinase (loading control) was detected using anti-Hexokinase serum. 
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3.3.5 N-Las17pl-368 interacts with SH3 domain containing proteins and Vrplp in a 

Yeast Two Hybrid assay 

Lasl7p has been shown to interact with many cytoskeletal proteins including Vrplp, 

Actlp, Bzzlp, Hoflp, Myo3p, Myo5p and Rvs167p (Naqvi et al., 1998; Soulard et al., 

2002; Naqvi et al., 2001; Evangelists et al., 2000; Lechler et al., 2000; Colwill et al., 

1999). Most of these proteins are essential for growth and also for endocytosis and actin 

patch polarization in S. cerevisiae. SH3 domain containing proteins such as Bzzlp, 

Hoflp, Myo3p, Myo5p and Rvs167p bind to Lasl7p proline rich motifs. The LBD 

domain of Vrplp mediates interaction with the WHl domain of Lasl7p. In full-length 

Lasl7p, the region of the protein located between the residues 369-633 encompasses the 

VCA domain and proline rich motifs. N-Las 1 7 ~ ~ - ~ ~ ~  encompasses the WHl domain and 

some proline rich motifs. The interaction of N - L a s 1 7 ~ ~ - ~ ~ ~  with Vrplp, S. cerevisiae actin 

and the SH3 domain containing proteins was examined in a Yeast Two Hybrid assay. 

p A D - N - L a ~ l 7 p ~ - ~ ~ ~  was introduced into the S, cerevisiae strain PJ69-4A along with each 

of the pBD vectors expressing the C-terminal region of Vrplp, Actlp or the SH3 

domains of Myo3p, MyoSp, Hoflp, Bzzlp and Rvs167p. The transformants were then 

tested for growth on SD minimal media plates lacking histidine. The transformants co- 

expressing A D - N - L ~ S I ~ P ~ - ~ ~ ~  and the BD fusion of Vrp1p364-817 and the SH3 domains of 

MyoSp, Hoflp, Bzzlp and Rvs167p were able to grow on SD minimal media plates 

lacking histidine (Table 3.9). The Yeast Two Hybrid assay suggests that N - L a ~ 1 7 p ~ - ~ ~ ~  

interacts with the C-terminal region of Vrplp and the SH3 domains of MyoSp, Hoflp, 

Bzzlp and Rvs167p. Although N - L a ~ 1 7 p ~ - ~ ~ ~  lacks the VCA domain, the protein is 
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functional and complements the defects of lasl7A cells possibly through its interaction 

with other cytoskeletal proteins like Vrplp, MyoSp, Hoflp, Bzzlp and Rvs167p. 

Table 3.9 Interaction of N-Lasl7p,,,, with actin, Vrpl p and SH3 Plasmids expressing the indicated 
domain containing proteins. BD and AD fusion proteins were 

introduced into the strain PJ69-4A, 

the transformants were streaked on 

SD minimal media plates lacking 

histidine and incubated at 30°C for 

5 days. The growth of the strains on 

the plates (+) indicated an 

interaction between the AD and BD 

fusion proteins. "-" indicates lack of 
Vector - - 

interaction. 

3.3.6 Isolation of temperature sensitive mutant of N - L a ~ 1 7 p ~ - ~ ~ ~  

Although N - L a ~ 1 7 p ~ - ~ ~ ~  lacks the VCA domain, expression of N - L a s 1 7 ~ , - ~ ~ ~  rescues the 

growth defects of lasl7A cells. The function of the domains of N - L a s 1 7 ~ , - ~ ~ ~  can be 

studied by introducing mutations into the DNA encoding N-Las 1 which 

compromise the activity of the protein. A random PCR mutagenesis was performed as 

described (Leung et al., 1989). First, the plasmid coding for (pN-Lasl 7pl- 

368) was used as a template for the PCR amplification using primers which would amplify 

the region encompassing the restriction endonuclease sites for KpnI and EcoRV on the 

DNA encoding N - L a s l 7 ~ ~ . , ~ ~ .  The PCR was carried out in the presence of ~ n ~ '  ions in 

order to induce random mutagenesis. The PCR product was isolated and purified. Next, 

pN-La~17pl-~~g was digested with the restriction endonucleases KpnI and EcoRV, the 

vector backbone was isolated and purified. Then, the vector backbone and the PCR 

product were mixed and introduced into the lasl7A strain (IDY223) by Lithium acetate 
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transformation (Schematic in Fig. 3.62). After a period of incubation at 24OC, the 

transformants were then replica plated onto YPUAD plates and growth of the colonies at 

37°C was examined. The transformants which did not grow at 37OC were selected from 

the replica plated cells grown at 24OC and further tested for their ability to carry out fluid 

phase endocytosis (Lucifer Yellow uptake) at 24OC and the distribution of actin patches at 

24°C was also examined. The additional assays were carried out to ensure that the 

observed temperature sensitivity is not due to lack of expression/ poor expression of N- 

L ~ s  1 7p1-368. 

EcoRV ?"I 

\ / Mix the vector and 

LASIT promoter 

\I the PCR product 

Transform yeast cells with the 
mixture of vector and PCR product 

Figure 3.62 PCR mutagenesis of the DNA encoding N-Lasl 7pl-368. 

Plasmid p N - L a ~ l 7 p , , ~ ~  was digested with the restriction endonucleases IQnI and EcoRV and the vector 

backbone was purified. The DNA coding for N-La~l7p,,~, at the region flanking the restriction enzyme 

sites KpnI and EcoRV was PCR amplified in the presence of ~n~~ and the PCR product was purified. The 

purified PCR product and vector backbone were mixed and introduced into S. cerevisiae lasl7A cells. 
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Among the temperature-sensitive transformants which were screened for fluid phase 

endocytosis and actin patch polarization at 24OC, one transformant met the criteria for 

selection and the plasmid from the transformant was isolated and sequenced. Sequence 

analysis revealed two mutations in the DNA encoding N - L a s 1 7 ~ ~ - ~ ~ ~  predicted to result in 

two amino acid substitutions (L80T and H94L), ~ - L a s l 7 ~ 1 - 3 6 8 ~ ~ .  In order to ensure that 

the observed temperature sensitivity is due to the two mutations and not due to other 

mutations in other regions of the plasmid, the two mutations were engineered by site 

directed mutagenesis to generate the plasmid clone p ~ - ~ a s 1 7 p T L  which encodes for N- 

 as 17Pl-36gTL (Fig. 3.63). Plasmids encoding N - L ~ S  17pl-368 or N - L ~ S  1 7pl-368TL were 

introduced into las17A cells and the transformants were examined for growth at 37OC. 

The mutant cells expressing N - L a ~ l 7 ~ 1 - 3 ~ ~ ~ ~  were unable to grow at 37OC in neither the 

plate assay, nor the liquid culture assay (Fig. 3.64) suggesting that the inability of N- 

L a s l 7 ~ l - q h ~ ~ ~  to suppress the growth defects of las17A cells is indeed due to the 

mutations present in the protein. f 

. 
N - L ~ S I ~ ~ ~ , ~ , ~  I WH1 I PPPP 1 

Figure 3.63 Schematic map of N-Lasl7~~,~,T~, N - L ~ S I ~ P ~ , ~ , ~  and N-lasl7~1.36,~. 
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I Time (h) Time (h) 1 

I Figure 3.64 The mutant, ~ - ~ a s l 7 p , . ~ ~ s T ~  does not rescue growth defects of lasI7A cells. , 

I A. Empty vector or vector encoding N-Las 1 7 ~ ~ - ~ ~ ~  Or N-L~S 1 7P1-368TL Was introduced into lad 7A 

cells. The transformants were streaked on YPUAD plates to examine growth at 24OC and 37°C. 

B. A growth curve was plotted by measuring the OD6, at 1 hour intervals for liquid culture of the 

I above mentioned strains grown at 24OC and 37°C. 

3.3.7 ~ - ~ a s l 7 ~ 1 - 3 6 8 ~ ~  restores fluid phase endocytosis and polarization of actin 

I patches of lasl7A cells at 24OC but not at 37OC 

lasI7A cells expressing N - ~ a s l 7 ~ 1 - 3 6 8 ~ ~  were unable to grow at 37°C. The ability of N- 

~ a ~ l 7 ~ 1 - ~ ~ 8 ~ ~  to rescue the defects in endocytosis and actin patch polarization in lasl7A 

cells at both 24°C and 37°C was examined. Expression of ~ - ~ a s l 7 ~ ~ - ~ ~ ~ ~  in lasl7A cells 

I enabled vacuolar uptake of Lucifer Yellow (LY) at 24OC but not at 37OC (Fig. 3.65) as I 
I 

indicated by the fluorescence in the vacuoles at 24°C but not at 37°C. The distribution of i 
actin patches in lasl7A cells expressing N - L a ~ 1 7 p ~ - ~ ~ ~  and N - L ~ S ~ ~ ~ I - ~ ~ S ~  was then I 
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examined by staining the actin patches with Alexa-488-conjugated phalloidin. Expression 

of ~ - ~ a s 1 7 ~ l - ~ ~ ~ ~ ~  in the lasl7A cells restored polarization of actin patches distribution at 

24OC but the actin patches were depolarized at 37OC (Fig. 3.66). 

Vector Lasl7p N-Lasl7p ,,,, N-Lasl7p ,.,,, 

Figure 3.65 ~ - ~ a ~ l 7 ~ ~ - ~ ~ ~ ~ ~  does not rescue the defects in endocytosis of lasl7A cells at 37OC. I 
IDY223 transformants harboring empty vector, vector expressing Lasl7p, N - L a s l 7 ~ ~ ~ ~ ~ ~  or N- 

~ a s l 7 ~ ~ - ~ 6 8 ~ ~  were tested for LY uptake at 24OC or 37OC. For performing the assay at 37OC, the 

cells were incubated at 37°C for 2 hours prior to the addition of LY. LY signal was visualized by I 

I 
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Vector Lasl7p 

Figure 3.66 Expression of restores actin patch polarization in lasl7A cells only at 24OC 

and not at 37OC. 

las17A cells expressing Las l7p, N-Las 17~1-368 Or N-L~S  1 7Pl-368TL were fixed immediately or were shifted 

to 37OC for 2 hours prior to fixing. The fixed cells were permeabilized and F-actin stained with Alexa- 

488-conjugated phalloidin. The actin patches were visualized by fluorescence microscopy. Bar, 5pm. 

3.3.8 ~ - ~ a s l 7 ~ ~ - ~ ~ ~ ~  localizes to cortical patches of lasl7A cells 

N-Las17pl-368TL was unable to rescue the growth, endocytosis or actin patch polarization 

defects of lasl7A cells at 37OC. N-Las17p1-~~8  localize^ to cortical patches at both 24°C 

and 37°C. Thus the localization of ~ - ~ a s 1 7 ~ 1 - 3 6 8 ~ ~  in lasl7A cells was examined to 

determine whether ~ - ~ a s l 7 ~ ~ - ~ ~ ~ ~ ~  was non functional at 37OC due to any defects in its 

localization. A translation hsion construct N - L ~ s ~ ~ P I - ~ ~ ~ ~ ~ - G F P  was generated and 

expressed in lasl7A cells and the localization was studied by fluorescence microscopy. 

N-Las17PI -368TL-~~~  localized to the cortical patches of lasl7A cells at both 24°C and 

37°C (Fig. 3.67). However, there were fewer N - L ~ S ~ ~ ~ I - ~ ~ ~ ~ ~ - G F P  patches at 37OC as 

compared to 24OC. In order to determine whether N - L ~ S ~ ~ ~ I - ~ ~ ~ ~ ~ - G F P  localizes to 

cortical actin patches, A~C~OP-RFP was expressed in cells expressing N - L ~ s I ~ ~ ~ - ~ ~ ~ ~ ~ -  

GFP and subjected to epifluorescence microscopy. Some of the N-Las17PI-368TL-~~~ 

patches were found to co-localize with Arc40p-RFP patches (Fig. 3.68A) 
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GFP , L .r&iFP OFP , , ,.,* AJ &FfJ ' 

I--- Figure 3.67 ~ - ~ a s l 7 ~ ~ . ~ ~ -  
GFT localizes to the cortical 

patches of larf 7A cells. 

Tradbmmts expressing 

GFT, Lasl7pGFP, N- 

Las 1 were 

m grown in YPUAD liquid. GFP 

signal was visualized in living 

cells by fluorescence 

microscopy. Upper panels: 

FITGfluorescence optics. 

RFP MERGE PHASE 

Figure 3.68 N - L ~ S ~ ~ ~ , . ~ ~ ~ ~ ~ - G F P  expression is comparable to that of N - L ~ S ~ ~ ~ ~ . ~ ~ - G F P  and localizes 

to the corlical actin patches of lasl7A cells. 

A. Strain IDY223 was co-tramfonned with vectors expressing Arc40p-RFP and N - L . ~ S ~ ~ ~ , . ~ - G F P  or 

N - ~ ~ ~ ~ , . ~ ~ - G F P .  The bansformants were grown in YPUAD liquid to exponential phase at 

24°C. GFP and RFP were visualized by fluc~escetlce 111ictosc co-loca-g 
!."bif? @$ 

patches. k , '5pm.  

B. Total protein extract a prepad  fram IDYq3 tramformants grow@ eqmmWly  at 24OC and 

ldxwbg vector e v i n g  N-Las17pl-wGFP or N - z ~ ~ ~ ~ ~ ~ . ~ ~ ~ - G F P .  Tlre e c t e d  proteins ' 7 1 ,  

: 8 I I,. 

, . .. - , . .. ...' were separated by SDS-PAGE and Western blot%& The GFP fusion proteius mm detected using 

anti-GF'P serum and H k b  (loading contmlj was detected using a n t i - H a  serum. . . 
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The expression of N - ~ a s l 7 ~ 1 - 3 6 8 ~ ~ - ~ ~ ~  was then examined to determine whether the 

inability of N - L a ~ l 7 ~ 1 - 3 6 8 ~ ~  to suppress the defects in lasl7A was due to reduced 

expression of the protein. Total protein was extracted from lasl7A cells expressing N- 

L ~ s ~ ~ ~ ~ - ~ ~ ~ - G F P  or N - L ~ S I ~ ~ ~ - ~ ~ ~ ~ ~ - G F P .  The extracted proteins were resolved by SDS 

PAGE and analyzed by western blot. Western blot analysis revealed that ~ - ~ a s 1 7 ~ ~ - ~ ~ ~ ~ ~ -  

GFP was expressed at levels comparable to that of N - L ~ S ~ ~ ~ ~ , ~ ~ - G F P  (Fig. 3.68B). 

3.3.9 L80T and H94L mutations abolish the activity of N - L a ~ 1 7 p ~ - ~ ~ ~  in lasl7A cells 

The mutant, N-Lasl7pl-36sTL which was isolated by PCR mutagenesis was unable to 

rescue the defects in the lasl7A strain at 37OC. The locations of the two mutations L80T 

and H94L in N-Las17Pl-368TL are not contiguous but they are located close to each other 

in the protein. The ability of N - L a ~ 1 7 p ~ - ~ ~ ~  having either of the mutations L80T and 

H94L, to suppress the defects in lasl7A cells was examined. Mutations L80T and H94L ~ 
were generated individually in N - L a ~ 1 7 p ~ ~ ~ ~ ~  through site directed mutagenesis (Fig. ' I  
3.63). Plasmids coding for N- as 1 7pl -36gT and N-Las 1 7PI-368L were introduced into the 

lasl7A strain and the transforrnants were assessed for growth at 37OC. Mutant cells 

expressing N - ~ a s l  7Pl-36~~ and N- as 1 7Pl-36gL were able to grow at 37°C in both the plate 

assay and the liquid culture assay (Fig. 3.69). Then the ability of N - ~ a s l 7 ~ 1 - ~ 6 8 ~  and N- 

Las17P1-368L to restore endocytosis and actin patch polarization in lasl7A cells was 

examined at 24°C and 37°C. Expression of ~ - ~ a s l 7 ~ 1 - ~ ~ ~ ~  or N - L ~ s ~ ~ ~ I - ~ ~ ~ ~  in las17A 

cells enabled the cells to take up Lucifer Yellow (LY) at both 24°C and 37°C (Fig. 3.70). 'I 
Similarly, the actin patches were polarized at both 24°C and 37°C in the mutant cells 1 

expressing N- as 1 7Pl-36~~ Or N- as 1 7P 1 -36sL (Fig. 3.7 1). 
I 

I 
I 
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Time (h) 
Figure 3.69 N - L a s 1 7 ~ , - ~ ~ ~  with single mutations L80T or H94L complements the growth defects of lasl7A cells. 

A. Empty vector or vector encoding N-Lasl7pI,,,, ~ - ~ a s l 7 ~ ~ - ~ ~ ~ ~  or ~ - ~ a ~ 1 7 p ~ - ~ ~ ~ ~  was introduced into lasl7A 

cells. The transformants were streaked on YPUAD plates to examine growth at 24OC and 37°C. 

B. A growth curve was plotted by measuring the OD600 at 1 hour intervals for liquid culture of the indicated 

strains grown at 37OC. 

Next, the sub cellular localization of N - L ~ S ~ ~ ~ ~ - ~ ~ ~ ~ - G F P  and ~ - L a s l 7 p l . 3 6 g ~ - ~ ~ ~  was 

examined in lasl7A cells. Both N-Las 1 7pl.36gT-~~p and N-Lasl 7P1 .36gL-~~~  localized to 

the cortical patches of lasl7A cells at both 24°C and 37°C (Fig. 3.72). Thus N-Las17pl- 

36gT and ~ - ~ a s l 7 ~ 1 - ~ ~ ~ ~  behave like wild type N - L a ~ 1 7 p ~ - ~ ~ g  in rescuing the defects in 

lasl7A strain. Thus both mutations, L80T and H94L are needed to compromise the 

activity of N-Las17p1-368 in lasl7A cells. 
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Vector Lasl7p 

Figure 3.70 Expression ~ - ~ a s 1 7 ~ ~ . ~ ~ ~ ~  or ~ - ~ a s 1 7 ~ ~ - ~ ~ ~ ~  restores endocytosis in /as1 7A cells. 

lasl7A cells harboring empty vector, vector expressing Lasl7p, N - L a ~ 1 7 p ~ - ~ ~ ~  , N-Lasl 7pl-36: or 

~ - ~ a s l 7 ~ , ~ ~ ~ ~ ~  were incubated with LY at 24OC or 37OC and washed thoroughly. For performing 

the assay at 37OC, the cells were incubated at 37OC for 2 hours prior to the addition of LY. LY 

signal was visualized by fluorescence microscopy. Upper panels: fluorescence optics. Lower 

panels: DIC optics. Bar, 5pm. 

Figure 3.71 Expression of ~ - ~ a s l 7 ~ ~ - ~ 6 8 ~  Or ~ - ~ a s 1 7 ~ ~ - ~ ~ ~ ~  restores actin patch polarization in 
lasl7A cells. 
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Figure 3.72 N - L ~ S ~ ~ P ~ . ~ ~ B ~ - G F P  and N - ~ a s l  7 P 1 - 3 6 8 L - ~ ~ ~  localize to the cortical patches of lasl7A cells. I 
h ~ 1 7 A  cells expressing GFP, Lasl7p-GFP, N - L ~ s ~ ~ ~ I . ~ ~ ~ - G F P ,  N - L ~ S I ~ ~ ~ - ~ ~ ~ - G F P  Of ~ - ~ a ~ 1 7 ~ ~ - ~ ~ ~ ~ -  

GFP were grown in YPUAD liquid to exponential phase. GFP signal was visualized in living cells by 

fluorescence microscopy. Upper panels: FITC-fluorescence optics. Lower panels: DIC optics. Bar, 5pm. 

3.3.10 Expression of ~ - ~ a s l 7 ~ 1 - 3 6 8 ~ ~  from a high copy (2p) plasmid suppresses the 

growth defects of lasl7A cells 

In the experiments done earlier, the activity of all the Lasl7p constructs including N- 

~asl7~1-36gTL had been studied in las17A cells by expressing the proteins from CEN 

plasmid (YCplac33). Expression of ~ - ~ a ~ l 7 ~ ~ - ~ ~ ~ ~ ~  from YCplac33 was unable to 

suppress the defects in growth, endocytosis or actin patch polarization at 37OC though 

endocytosis and actin patch polarization were restored at 24OC (Figs. 3.64-66). 

Immunoblotting of protein extracts from las17A cells expressing N - L ~ S ~ ~ ~ ~ - ~ ~ ~ - G F P  or 

I 
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N-Las 1 7P1-368TL-~~~ suggests that the expression of the mutant N-Las 1 7 p l - 3 6 8 T L - ~ ~ ~  

was similar to that of the wild type protein (Fig. 3.68B). In order to determine whether 

expression of N - ~ a s l 7 ~ 1 - 3 6 8 ~ ~  from a high copy plasmid would improve the activity of 

the protein and thus enable it to suppress the defects in las17A cells at 37OC, the DNA 

encoding ~ - ~ a s l 7 ~ ~ . ~ ~ 8 ~  was cloned into a 2p vector (YEplacl95) to generate the 

plasmid P ~ ~ - ~ - ~ a s  1 7P]-368TL. The 2p vector encoding N-Las 1 7pl-368TL or the CEN 

vector encoding N-Las17p1-~6~ were introduced into lasl7A cells and the transformants 

were streaked on YPUAD plates to examine for growth at 37OC and a growth curve at 

37°C was also plotted. Expression of ~ - ~ a ~ l 7 ~ 1 - 3 6 8 ~ ~  from a 2p vector suppressed the 

growth defects of the lasl7A cells in both the plate assay and the liquid culture assay (Fig. 

3.73). However, visual examination of the growth curve for the liquid culture assay 

suggests that ~ - ~ a s l 7 ~ 1 - ~ ~ ~ ~ ~  expressed from a 2p vector was not as efficient as wild type 

N - L a s 1 7 ~ ] - ~ ~ ~  expressed from a CEN vector in suppressing the growth defects of lasl7A 

cells (Fig. 3.73B). 

Then, the expression of ~ - L a s l 7 ~ 1 - 3 6 8 ~ ~  expressed from 2p plasmid was studied by 

tagging the protein with GFP. N - L ~ S ~ ~ ~ ~ . ~ ~ ~ - G F P  (CEN), N - L ~ S ~ ~ ~ I - ~ ~ ~ ~ ~ - G F P  (CEN) 

and N - L ~ S ~ ~ ~ I - ~ ~ ~ ~ ~ - G F P  (2p) were expressed in lasl7A cells. Total protein was 

extracted from the transformants and the expression of the GFP fusion proteins was 

studied by Western blot. Western blot analysis revealed that N - L ~ S ~ ~ ~ I - ~ ~ ~ ~ ~ - G F P  (2p) 

was strongly expressed as compared to the expression of N - L ~ s ~ ~ ~ ~ . ~ ~ ~ - G F P  (CEN) and 

N-Las 1 7P1-368TL-~~~ (CEN) (Fig. 3.74). 
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Figure 3.73 Expression of N-~as l7~ , .~~ :~f rom 2p plasmid complements the growth defect of lasl7A cells. I 
A. Empty vector (YCplac33), YCplac33 encoding N-Lasl7pI,,, and N - ~ a s l 7 p , , , ~ ~  or YEplacl95 I I 

encoding ~ - ~ a s l 7 ~ ~ . ~ ~ 8 T ~  were introduced into lasl7A cells. The transformants were streaked on YPUAD I 
plates to examine growth at 24OC and 37°C. I 

B. A growth curve was plotted by measuring the OD600 at 1 hour intervals for liquid culture of the indicated I 
strains grown at 37OC. 

g Figure 3.74 Expression of ~ - ~ a s l 7 ~ ~ - ~ ~ 8 T ~  from 2p plasmid leads to 
4- ,Q"' 

strong expression in lasl7A cells. 
,Q"' ,Q" +** 

$ &' Total protein extract was prepared from IDY223 transfonnants +y +y ~y 
--- . a- .,- growing exponentially at 24OC and harboring vector YCplac33 

expressing N-Las 17p,.,,,-GFP, N-Las 1 7 P I - 3 6 8 T L - ~ ~ ~  or vector 
I C a-GFP 

YEplac195 expressing N - L ~ S ~ ~ ~ , - ~ , ~ T ~ - G F P .  The extracted proteins 

were resolved by SDS-PAGE and Western blotted. The GFP fision 

a-Hex proteins were detected using anti-GFP serum and Hexokinase (loading I 
control) was detected using anti-Hexokinase serum. 

I 
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3.3.11 Expression of ~ - ~ a s l 7 ~ l - x g ~ ~  from 2p plasmid restores endocytosis but not 

actin patch polarization in lasl7A cells at 37OC 

Expression of ~ - ~ a s l 7 ~ , - 3 6 8 ~ ~  from 2p plasmid was able to suppress the growth defects 

of the las17A cells. The ability of the transformants expressing ~ - ~ a s l 7 ~ 1 - ~ 6 8 ~ ~  (2p) to 

carry out fluid phase endocytosis and the distribution of actin patches in the 

transformants was examined. Expression of ~ - ~ a s l 7 ~ ~ - ~ ~ ~ ~ ~  h m  2p plasmid in las17A 

cells enabled the transformants to take up LY at both 24°C and 37°C (Fig. 3.75). 

Furthermore, N-La~l7~1-368~  (2p) was able to restore polarization of the actin patches in 

las17A cells at 24°C but the actin patches remained depolarized at 37OC (Fig. 3.76). 

Therefore, over expression of the mutant, N-La~l7~1.368~~ is unable to suppress all the 

defects of lasl7A cells. 

Vector Lasl7p N-LaslTp,,, N-Las17plmn ( 2 ~ )  N-Lasl7plmn 

Figure 3.75 Expression of ~ - ~ a s 1 7 ~ ~ . ~ ~ 8 T ~  fkom 2p plasmid restores endocytosis in lasl7A cells at 37OC. 

IDY223 transformants harboring empty vector (YCplac33), YCplac33 expressing Lasl7p, N - L a s 1 7 ~ , - ~ ~ ~ ,  

~ - ~ a s l 7 ~ ~ - ~ ~ ~ ~ ~  or YEplacl95 expressing ~ - 1 a s l 7 ~ - ~ ~ ~ ~ ~  were incubated with LY at 24OC or 37OC and 

washed thoroughly. LY signal was visualized by fluorescence microscopy. Upper panels: fluorescence 

optics. Lower panels: DIC optics. Bar, 5pm. 
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Vector Lasl7p N-Lasl'lp,,, ~-Lasl7p,,,~ (2p) ~-Lasl7p,,,,~~ 

Figure 3.76 Expression of ~ - L a s l 7 ~ ~ . ~ , 8 T ~  from 2p plasmid restores actin patch polarization in I 
lasl7A cells only at 24OC and not at 37OC. 

The actin patches in lm17A transformants harboring empty vector (YCplac33), YCplac33 

encoding ~ a s ~ p ,  N - ~ a s 1  7 ~ ~ - ~ ~ ~ ,  N - L ~ s I ~ ~ ~ - ~ ~ ~ ~ ~  or YEplacl95 expressing N-~asl 7P1-368TL were 

stained and visualized by fluorescence microscopy. Bar, 5pm. 

3.3.12 Mutations in ~ - ~ a s l 7 ~ l - ~ ~ g ~ ~  abolish interaction with Vrplp in a pull down 

assay 

Las,l7p has been shown to interact with many cytoskeletal proteins like Vrplp, Bzzlp, 

Hoflp, Myo3p, Myo5p and Rvs167p (Naqvi et al., 1998; Soulard et al., 2002; Naqvi et 
I 

i 
al., 2001; Evangelista et al., 2000; Lechler et al., 2000; Colwill et al., 1999). N-Lasl7pl- I 
368 was able to interact with Vrplp, Hoflp, Bzzlp and Rvs167p in the Yeast Two Hybrid 

assay. Thus, the inability of ~ - ~ a s 1 7 ~ 1 - 3 6 8 ~ "  to suppress the defects of lasl7A strain could I 
be due to the loss of interaction with other cytoskeletal regulators. It has been shown that 

the amino acid residues in the region 20-122 of Lasl7p mediate interaction with Vrplp 

(Lechler et al., 2001) (Fig. 3.77). Since the mutations in ~ - ~ a s l 7 ~ ~ - ~ ~ ~ ~ ~  fall in the region I 
! 

of the protein involved in binding with Vrplp, the interaction of ~ - ~ a s l 7 ~ ~ - ~ ~ ~ ~  with 

Vrplp was examined through a pull down assay. The DNA encoding the polyhistidine- 

tag (His-tag) was fused to the C-terminus of the DNA encoding the C-terminal region of 

1 
Vrplp (364-817) to generate the fusion construct C-Vrplp-HisT. Plasmid expressing C- 

I 
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N - L ~ ~ ~ ~ ~ - ~ ~ ~ ~ - G F P  into V I A  cells. Lysates from the transformants expressing the .: . . 

His-tag and the GFP fusion proteins were processed for pull down analysis. The 
. , 

membrane was probed with anti-HisT and anti-GFP to detect C-Vrplp-HisT and GFP 

respectively. The pull down assay showed that C-Vrplp-HisT pulled down N-Lasl7p1- 
. 5,h- I * , t L > i 3  # : x . 4 * L ,  4 

368-GFP but did not pull down N - L ~ S ~ ~ ~ ~ - ~ , ~ - G F P  (Fig. 3.78A), suggesting that the 

mutation in N- as 1 7p 1 - 3 6 8 K ~ ~ ~  affects the interaction with C-Vrp 1 p-HisT. Lysates 

from the transformants co-expressing the His-tag and GFP fusion pmteins were western 

blotted and probed with anti-GFP serum to verifjr the expression of the GFP fusion 

proteins (Fig. 3.78C). ,_, ,, $, 
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i - The location of the L80T and H94L mutations in N-Las 1 7p3-368 . . .  . . . . .  
. ' :llllll . , . . . .  

Figure 3.77 Schematic representation of the domains of Lasl7p and the location of the LSOT and H94L - . . , .  ' . ~ 

mutations. The arrow heads indicate the position of the residues 206 and 368. The Vrplp binding region in , . .  
. . .  . - 

Lasl7p is highlighted in green, the four PxxxxPxxP motifi (P- proline residue; x- any amino acid) involved , . .  . . .  , . 
in binding with Myo5p are highlighted in yellow and the VCA domain is highlighted in grey. 
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TL 3.3.13 N - L a s 1 7 ~ , - ~ ~ ~  interacts with the SH3 domain of MyoSp in a pull down assay 

Type I myosins are involved in Arp213 complex dependent actin polymerization at the 

sites of endocytosis (Geli et al., 2000). Type I myosins can interact with Lasl7p by direct 

binding between the SH3 domain of the Type I myosins with the proline rich regions in 

Lasl7p. Yeast Two Hybrid screening has indicated that the consensus sequence 

PxxxxPxxP (P- proline; x-any amino acid) represents a binding site for interaction with 

Myo3p and Myo5p (Evangelista et. al., 2000). Lasl7p has 4 potential PxxxxPxxP motifs 

(Fig. 3.77) while Vrplp has 22 such motifs. Apart from direct interaction between Type I 

myosins and Lasl7p, it has also been suggested that the Type I myosins possibly form a 

multi protein complex with Lasl7p by binding with proteins that also interact with 

Lasl7p (Evangelista et al., 2000; Lecher et al., 2000). Abolishing the interaction between 

Lasl7p and Myo3p or Myo5p causes defects in growth and actin patch polarization in 

yeast cells (Evangelista et al., 2000). Therefore, the interaction of N - L a s 1 7 ~ ~ - ~ ~ ~  and N- 

~ a s l 7 ~ ~ - ~ b ~ ' ~  with the SH3 domain of Myo5p was examined. A Myo5p-SH3-HisT 

construct was generated and co-expressed with GFP, N-Las l ~ P , - ~ ~ ~ - G F P  or N-Las 1 7pl - 

TL 
368 -GFP in lasl7A cells. Ni-NTA agarose beads were used to perform pull down 

experiments for Myo5p-SH3-HisT. The proteins bound to the beads were eluted and 

analyzed by western blotting with anti-HisT and anti-GFP to detect Myo5p-SH3-HisT 

and GFP respectively. The pull down assay showed that Myo5p-SH3-HisT was able to 

pull down both N-Las 1 7p1 .36s-GFP and N-Las 1 7P - 3 6 8 T L - ~ ~ ~  (Fig. 3.78B). However, N- 

Lasl 7p1-368-GFP band was more intense than the N-Lasl 7 P 1 - 3 6 8 T L - ~ ~ ~  band suggesting 

that more molecules of N - L ~ S ~ ~ ~ ~ - ~ ~ ~ - G F P  are in the complex with Myo5p-SH3 domain. 
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1 Lysates from the las17A cells co-expressing the GFP fusion and His-tag fusion proteins 

were western blotted and probed with anti-GFP serum (Fig. 3.78D). 

A B 
C-Vrpl p-HisT pull down Myo5p-SH3-HisT pull down 

Figure 3.78 Interaction of N - L ~ S ~ ~ P ~ . ~ ~ ~  and ~-Las l7~1,6 ,T~ with C-Vrplp and MyoSp-SH3 in a pull 

down assay. 

A. vrplA cells were co-transformed with plasmids expressing C-Vrplp-HisT and GFP, N - L ~ s ~ ~ P ~ - ~ ~ ~ -  

GFP or N - L ~ S ~ ~ ~ , - ~ ~ ~ " - G F P .  The transformants were grown in YPUAD liquid at 24OC to 

exponential phase and a His-tag pull down assay was done. The GFP fusion proteins were detected 

using anti-GFP serum and C-Vrplp-HisT was detected using anti-HisT serum. 

B. A His-tag pull down assay was performed for las17A cells co-expressing MyoSp-SH3-HisT and 

GFP, N - L ~ S I ~ P ~ - ~ ~ ~ - G F P  or N - L ~ S I ~ ~ , . ~ ~ , T ~ - G F P .  The GFP fusion proteins were detected using 

anti-GFP serum and MyoSp-SH3-HisT was detected using anti-HisT serum. 

C. Lysates from vrplA cells co-expressing C-Vrplp-HisT and GFP, N-Lasl 7p1-,,,-GFP or N-Las17pl. 

3 6 Z L - ~ ~ ~  were western blotted and probed with anti-GFP serum and anti-Hexokinase serum. 

D. Lysates from las17A cells co-expressing MyoSp-SH3-HisT and GFP, N - L ~ S ~ ~ ~ ~ . ~ , ~ - G F P  or N- 

~ a s l 7 ~ ~ - ~ ~ ~ ~ ~ - ~ ~ ~  were western blotted and probed with anti-GFP serum and anti-Hexokinase 

serum. 
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3.3.14 ~ - ~ a s l 7 ~ ~ - ~ ~ ~ ~ ~  interacts with the SH3 domains of Hoflp, Bzzlp and Rvs167p 

in a Yeast Two Hybrid assay 

N - L a ~ 1 7 p ~ - ~ ~ ~  is able to interact with SH3 domain containing proteins like MyoSp, Hoflp, 

Bzzlp and Rvs167p. The mutations in ~ - ~ a s l 7 ~ ~ - ~ ~ ~ ~ ~  abolish interaction of the protein 

with Vrplp and also significantly affect the interaction with the SH3 domain of Myo5p. 

In order to determine whether the mutations in ~ - ~ a s l 7 ~ ~ - ~ ~ ~ ~ ~  affect interaction with the 

SH3 domains of Hoflp, Bzzlp and Rvs167p, a Yeast Two Hybrid assay was performed. 

Plasmid expressing AD-N-Las17PI-368TL was introduced into the S. cerevisiae strain 

PJ69-4A along with each of the pBD vectors expressing the SH3 domains of Hoflp, 

Bzzlp and Rvs167p. The transformants co-expressing A D - N - L ~ S ~ ~ ~ I - ~ ~ ~ ~ ~  and each of 

the BD fusion with the SH3 domains of Hoflp, Bzzlp and Rvs167p were able to grow on 

SD minimal media plates lacking histidine (Table 3.1 O), suggesting that ~ - ~ a s l 7 ~ ~ - ~ ~ ~ ~ ~  

was able to interact with the SH3 domains of Hoflp, Bzzlp and Rvsl67p. 

Table 3.10 Interaction of N-Lasl7p,,,,TL with SH3 domain containing proteins. 

PJ69-4A transformants co-expressing the indicated AD and BD fusion proteins were streaked on SD 

minimal media plates lacking histidine. The growth of the strains on the plates (+) indicates an interaction 

between the AD and BD fusion proteins. "-" indicates lack of interaction. 
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3.3.15 WH1 (1-206) domain of Lasl7p forms a complex with the SH3 domain of 

Vrplp has been shown to bind directly to type I myosins like Myo5p (Anderson et al., 

1998) and it has been suggested that Vrplp has 22 PxxxxPxxP motifs involved in binding 

with Myo5p (Evangelista et al., 2000). Therefore, it is possible that in the pull down 

assay done earlier with Myo5p-SH3-HisT, native Vrplp molecules present in the cell 

lysate would have also bound to Myo5p-SH3-HisT on the Ni NTA beads. This in turn 

suggests that wild type N - L ~ S ~ ~ ~ ~ - ~ ~ ~ - G F P  was pulled down because of its direct 

interaction with Myo5p-SH3 as well as due to its interaction with Vrplp. On the other 

hand, the mutant which does not interact with Vrplp was pulled 

down only due to its direct interaction with Myo5p-SH3 accounting for the reduced band 

intensity in the western blot. In order to test this hypothesis, a GFP-tagged construct, N- 

Las17pl-206-GFP (Fig. 3.79) which encodes the Vrplp binding region but lacks the 

Myo5p-SH3 binding motifs was made. 

Figure 3.79 Schematic map of N-Lasl7p,,, and N-Lasl 7p2,,.,, 

The interaction of N - L ~ S ~ ~ ~ ~ - ~ ~ ~ - G F P  with the His-tagged SH3 domain of Myo5p was 

examined by pull down assays. The western blot membrane was probed with anti-GFP 

and anti-HisT to detect GFP and Myo5p-SH3-HisT respectively. The results showed that 

Myo5p-SH3-HisT was able to pull down N - L ~ S ~ ~ ~ ~ - ~ ~ ~ - G F P  (Fig. 3.80A), suggesting 

I 

I 
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that N - L ~ S ~ ~ ~ ~ - ~ ~ ~ - G F P  and Myo5p-SH3-HisT from a complex. Therefore, N-Las17pl-206 

is able to interact with Myo5p-SH3 domain even though it lacks the proline rich motifs. I 

My0Sp-SH3-HisT pull down figure 3.80 N-La~l7p,.~, interacts with Myo5p-SH3 in 

a pull down assay. 

A. las17A cells were co-transformed with plasmids 
8 expressing MyoSp-SH3-HisT and N - L a ~ 1 7 p , - ~ ~ ~ -  

a-GFP GFP or GFP. The transformants were grown in 

3 a-HisT YPUAD liquid at 24°C to exponential phase and 

a His-tag pull down assay was done. The GFP 

hsion proteins were detected using anti-GFP 

serum and MyoSp-SH3-HisT was detected using 

Cell Lysate anti-HisT serum. 

,Q" 
2 

d.9 +$iQ B. Cell lysates from lar17A cells co-expressing 

w MyoSp-SH3-HisT and GFP or N - L a s l 7 ~ , - ~ ~ ~ -  

- GFP were western blotted and probed with anti- 

GFP serum and anti-Hexokinase serum. 
a-HEX 1 

3.3.16 WH1 domain of Lasl7p does not bind to the SH3 domain of Myo5p 

N - L a ~ l 7 p ~ - ~ ~ ~  was able to interact with the SH3 domain of Myo5p in a pull down assay, 1 
even though the WH1 domain lacks the proline rich motifs (encompassed by residues 

207-368) involved in interaction with SH3 domains. This raises the possibility that the 

interaction between N - L a s l 7 ~ , - ~ ~ ~  and the SH3 domain is mediated through additional 

proteins. In order to determine whether N - L a s l 7 ~ , - ~ ~ ~  is able to bind directly to the 1 

Myo5p-SH3 domain, a Yeast Two Hybrid assay was performed. PJ69-4A cells 

transformed with plasmids expressing BD-Myo5p-SH3 and A D - N - L ~ s ~ ~ P ~ ~ ~ - ~ ~ ~  were 

able to grow on SD minimal media plates lacking histidine while there was no growth of 

the transformants expressing BD-Myo5p-SH3 and A D - N - L a s l 7 ~ ~ - 2 ~ ~  (Table 3.11), I 

Results I 

I 
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suggesting that N - L a s l 7 ~ , - ~ ~ ~  does not interact directly with Myo5p-SH3. However, it is 

also possible that BD-Myo5p-SH3 and AD-N-Lasl7pl-206 do form a complex but the 

complex is unable to travel to the nucleus for reporter activation, thus giving a negative 

~ result in the Yeast Two Hybrid assay. The findings of the Yeast Two Hybrid assay need 

to be verified by performing pull down assays with purified proteins in order to be certain 

1 that N - L a s 1 7 ~ ~ - ~ ~ ~  and Myo5p-SH3 do not interact directly with each other. 

Table 3.11 Only N-Lasl7p,,,~,,, interacts with MyoSp-SH3 
in a Yeast Two Hybrid assay. 

I S. cerevisiae strain PJ69-4A was co-transformed with plasmids expressing the BD fusion proteins and the 

I AD fusion proteins in combinations as indicated in the table. The transformants were streaked on SD 

1 minimal media plates lacking histidine and incubated at 30°C for 5 days. The growth of the strains on the 

I plates (+) indicated an interaction between the AD and BD fusion proteins expressed by the strain. 

I "-" indicates lack of interaction. 

3.3.17 Expression of Lasl7p-WH1 domain rescues the growth defects of lasl7A cells 

I but does not restore endocytosis or actin patch polarization at 37OC 

One of the possible reasons as to why the mutant, ~ - ~ a s 1 7 ~ 1 - 3 6 8 ~ ~  is unable to rescue the 

defects of lasl7A cells is the inability of the mutant to interact with Vrplp. The WH1 

I domain of Lasl7p interacts with Vrplp and also with the SH3 domain of Myo5p (Fig. 

3.80) in a pull down assay, even though it lacks the proline rich motifs which have been 

shown to be involved in the direct interaction between Lasl7p and Myo5p (Evangelista et 

al., 2000). In order to determine whether expression of the Lasl7p-WH1 domain is 

capable of rescuing the defects in lasl7A cells, plasmid encoding N-Lasl7pl-206 was 

I 

I 
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introduced into lasl7A cells and the transformants were streaked on YPUAD plates to 

examine for growth at 37OC and a growth curve was also plotted by measuring the OD600 

at 37°C for liquid culture of the strains. Mutant cells expressing were able I 
to grow at 37OC in the plate assay (Fig. 3.81A) but in the liquid culture assay, the growth 

rate of the cells expressing N - L a ~ l 7 p ~ . ~ ~ ~  was significantly reduced compared to cells 

expressing N - ~ a s 1  @I-36g (Fig 3.8 1 ~ ) .  I 

0 2 4 6 8 10 

Time (h) 

Figure 3.81 Expression of N - L a s 1 7 ~ ~ - ~ ~ ~  rescues the growth defects of lasl7A cells. 1 
A. las17A cells harboring vector or vector encoding N - L ~ s ~ ~ P ~ - ~ ~ ~  or N-Las17plao6 were streaked on I 

YPUAD plates to examine growth at 24°C and 37°C. I 
B. A growth curve was plotted by measuring the OD600 at 1 hour intervals for liquid culture of the i 

indicated strains grown at 37°C. I 
The distribution of actin patches in the cells expressing N-Las17pl-206 and the ability of 1 
the cells to carry out fluid phase endocytosis was examined. The transformants 

expressing N-Las 1 7p1 -368 and N-Las l7p 1.206 were incubated with Lucifer Yellow (LY) at 
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24°C and 37°C and the uptake of LY into the vacuoles was examined under a 

fluorescence microscope. Expression of N-Lasl7pl-206 in lasl7A cells enabled the cells to 

take up the dye at 24OC as indicated by the fluorescence in the vacuoles but the cells were 

unable to take up the dye at 37OC (Fig. 3.82). The distribution of actin patches in the 

transformants expressing was studied by staining the cells with Alexa-488- 

conjugated phalloidin. The actin patches were polarized at 24OC in the transformants 

expressing N-Las 1 7pl.206 but the patches were depolarized at 37OC (Fig. 3.83). Therefore, 

the proline rich motifs located between the amino acid residues 207-368 of N - L a s l 7 p 1 - ~ ~ ~  

are also essential for the activity of the protein in rescuing the defects of lasl7A cells at 

37°C. 
Vector Lasl7p N-Lasl7p ,,,, N-Lasl7p ,,,, 

Figure 3.82 N - L a s 1 7 ~ , - ~ ~ ~  does not rescue the defects in endocytosis of lml7A cells at 37OC. 

lm17A cells harboring empty vector, vector expressing Las l7p, N-Las 1 7 ~ ~ . ~ ~ ~  or N-Las 1 7 ~ ~ - ~ ~ ~  

were tested for LY uptake at 24OC and 37". LY signal was visualized by fluorescence 

microscopy. Upper panels: fluorescence optics. Lower panels: DIC optics. Bar, 5pm. 
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Vector Lasl7p 

Figure 3.83 Expression of N - L a s 1 7 ~ ~ - ~ ~ ~  restores actin patch polarization in Em1 7A cells only at 24OC and 

not at 37OC. 

IDY223 transformants harboring empty vector, vector expressing Lasl7p, N - L a ~ 1 7 p ~ - ~ ~ ~  or N - L a s l 7 ~ , - ~ ~ ~  

were fixed immediately or were shifted to 37OC for 2 hours prior to fixing. The fixed cells were 

permeabilized and F-actin stained with Alexa-488-conjugated phalloidin. The actin patches were visualized 

by fluorescence microscopy. Bar, 5pm. 

3.3.18 The WH1 domain of Lasl7p is able to localize to cortical patches of lasl7A I 
cells 

Expression of the WH1 domain of Lasl7p was able to rescue the growth defects of 
I 

lasl7A cells, even though the other defects in the strain were not rescued. Next, the sub I 

cellular localization of Las 1 7p- WH 1 domain was examined by fluorescence microscopy. 1 
N - L ~ S ~ ~ ~ ~ - ~ ~ ~ - G F P  localized to the cortical patches of lasl7A cells at both 24°C and 

37°C (Fig. 3.84). Then, in order to determine whether N-Lasl7p1-2~~-GFP localizes to 

cortical actin patches, Arc40p-RFP was expressed in cells expressing N-Lasl ~ P I - ~ o ~ - G F P .  I 
Some of the N - L ~ S ~ ~ ~ , - ~ ~ ~ - G F P  patches were found to co-localize with Arc40p-RFP 1 
patches (Fig. 3.85A). 
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GFP Lasl7p N-Lasl7p,,,, N-Lasl7~1,~ 
-GFP -GFP -GFP 

Figure 3.84 N - L ~ S ~ ~ ~ , . ~ ~ ~ - G F P  localizes to the cortical patches of lasl7A cells. 

las17A cells expressing GFP, Las l7p-GFP, N-Las 1 ~ P , - ~ ~ ~ - G F P  or N-Las 1 ~ P , - ~ ~ - G F P  were grown in 

YPUAD liquid at 24OC. For visualizing localization at 37OC, the cells were shifted to 37OC for 2 hours. 

GFP signal was visualized in living cells by fluorescence microscopy. Upper panels: FITC-fluorescence 

optics. Lower panels: DIC optics. Bar, 5pm 

The expression of N - L ~ S ~ ~ ~ ~ - ~ ~ ~ - G F P  was then examined to determine whether the 

inability of N - L a ~ l 7 p ~ - ~ ~ ~  to rescue all the defects of lasl7A was due to reduced 

expression of the protein. Total protein was extracted from lasl7A cells expressing N- 

Las 1 7pl -206-GFP and N-Las 1 7pl and the expression of the GFP fusion proteins 

was studied by Western blot. Western blot analysis showed that the expression of N- 

Las 1 7pl -206-GFP was comparable to that of N-Las 1 7pl -368-GFP (Fig. 3.85B). 
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fragment coding for N-Lasl 7pl-294 would include the WHl domain and also half of the 

region bounded by the amino acid residues 207-368 of N-Las17pl-368. The conveniently 

located KpnI restriction enzyme site was utilized to clone a DNA fragment which 

encodes for N - L a s l 7 ~ , - ~ 9 ~  into the expression vector YCplac33 (Fig. 3.86). Plasmid 

expressing N - L a s l 7 ~ ~ . ~ 9 ~  was introduced into lasl7A cells and the transformants were 

assessed for growth at 37OC. Expression of N-Lasl7pl-294 restored growth of the 

transformants at 37°C in the plate assay (Fig. 3.87A) but in the liquid culture assay, the 

growth of the cells expressing N - L a s 1 7 ~ ~ - ~ 9 ~  was not as efficient as the cells expressing 

N-Las 1 7 ~ ~ - ~ ~ ~  (Fig. 3.87B). The localization of N-Las 1 7pl-294 was studied by expressing 

a translation fusion construct of GFP and N-Lasl7pl-294 in lasl7A cells. N-Las17p1-294- 

GFP localized to the cortical patches of lasl7A cells at both 24°C and 37°C (Fig. 3.88). 

N-Las17p,,,, I ~ ~ 1 3 ~  ,I PPPP 1 
1 185 322 

N-L~sI~P,,,, , WHl 1 :  PPPP I 
... - -  - 

N-L~SI~P,,,, I WH1 I PPPP I 
.-- --. 

N-Lasl7p,,,, WHI PPPP 

Figure 3.86 Schematic map of N-Lasl7p1,,,, N - L ~ S I ~ ~ ~ , ~ ~ ,  N-lasl7~~.,~, and N-L~S~~P~,~,.  
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B Figure 3.87 Expression of N-Las17pl,, rescues the 
37OC 

growth defects of lasl7A cells. 
+ N-Las17pl,, 
+ N-L~SI~P,, / A. Empty vector or vector encoding N-Las17pl.,.,, 

0.9- ++ N-Lasl7p1, 
--c vector N-Las 1 7 ~ 1 . ~ ~ ~  or N-Las 1 was introduced 

8 
p" 0.8- into IDY223. The transformants were streaked 
0 

on YPUAD plates to examine growth at 24OC 

and 37°C. 

B. A growth curve was plotted by measuring the 
0 2 4 8 8 10 

Time (h) OD6, at 1 hour intervals for the liquid culture. 

GFP Lasl7p N-Las17pl,,, N-Las17pl,,, 
-GFP -GFP -GFP Figure 3.88 N-La~17p,.~~~-GFp 

localizes to the cortical patches of 

lasl7A cells. 

las17A cells expressing GFP, Las l7p- 

GFP, N-Lasl 7pl.368-GFP or N- 

Las17pl.294-GFP were grown in 

YPUAD liquid to exponential phase at 

24OC. The cells were immediately 

processed for microscopic 

visualization or they were shifted to 

37°C for 2 hours prior to the 

processing. GFP signal was visualized 

in living cells by fluorescence 

microscopy. Upper panels: FITC- 

fluorescence optics. Lower panels: 

DIC optics. Bar, 5pm. 
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Then the distribution of actin patches and the ability of the transformants expressing N- 

L a s 1 7 ~ ] . ~ ~ 4  to carry out fluid phase endocytosis were examined. The cells expressing N- 

Las17p1-294 were incubated with Lucifer yellow (LY) at 24OC and 37°C and the uptake of 

i LY into the vacuoles was examined under a fluorescence microscope. The mutant cells 

expressing N - L a s l 7 ~ , - ~ 9 ~  were able to take up the dye at 24OC as indicated by the 

fluorescence in the vacuoles but the cells were unable to take up the dye at 37OC (Fig. 

Vector Lasl7p N-Lasl7p ,,,, N-Lasl7p ,-,, 

Figure 3.89 N - L a s 1 7 ~ , - ~ ~ ~  does not rescue the defects in endocytosis of lasl7A cells at 37'C. 

IDY223 transformants growing exponentially at 24OC and harboring empty vector, vector expressing 

Lasl7p, N - L a s 1 7 ~ , - ~ ~ ~  or N-La~17p,-~~., were incubated with LY at 24'C or 37OC and washed thoroughly. 

LY signal was visualized by fluorescence microscopy. Upper panels: fluorescence optics. Lower panels: 

DIC optics. Bar, 5pm. 
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The distribution of actin patches in the transformants expressing N-Lasl7pl-294 was 

studied by staining the cells with Alexa-488-conjugated phalloidin. The actin patches 

were polarized at 24OC but depolarized at 37OC in the transformants expressing N- 

L a s l 7 ~ ~ _ ~ 9 ~ ( F i g .  3.90). Therefore, the region of the protein between amino acid residues 

295-368 of N - L a ~ 1 7 p ~ - ~ ~ ~  is essential for the activity of the protein in rescuing the defects 

in endocytosis and actin patch polarization at 37OC. 

Vector Lasl7p N-Lasl7p ,,,, N-Lasl7p ,.,, 

Figure 3.90 Expression of N - L a s 1 7 ~ , - ~ ~ ~  restores actin patch polarization in lasl7A cells only at 24°C 

and not at 37OC. 

Actin patches in las17A cells expressing Lasl7p, N-Las17plJ,j8 or N-La~l7p,.~,, were stained and 

visualized by fluorescence microscopy. Bar, 5pm. 

3.3.20 Systematic deletion of the proline rich regions between amino acid residues 

295-368 of N-La~17~1-368 

Expression of N - L a s l 7 ~ ~ ~ ~ 9 ~  was able to rescue the growth defect of lasl7A cells but was 

unable to restore endocytosis and actin patch polarization at 37OC, suggesting that the 

region enclosed by the amino acid residues 295-368 of N - L a ~ 1 7 p ~ - ~ ~ ~  which is rich in 

proline rich regions is essential for the activity of the protein in rescuing the defects in 

endocytosis and actin patch polarization at 37OC. The proline rich regions located 

between amino acid residues 295-368 were systematically deleted to generate plasmids 
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encoding N-Las17~1-~22, N-Las17pl-339 and N-Lasl7p1.350 (Fig. 3.86). lasl7A cells 

expressing each of the three proteins N-Las 17~1-322, N-Las 1 and N-Las 1 7p1-350 

were able to grow on YPUAD agar plates at 37OC (Fig. 3.91A). 

0 2 4 6 8 10 

Time (h) 

Figure 3.91 Systematic deletion of the proline rich regions between amino acid residues 295-368 of N- 

La?i17pl-368. 

A. Empty vector or vector encoding N - L a ~ 1 7 p ~ - ~ ~ ~ ,  N - L a s 1 7 ~ ~ - ~ ~ ~ ,  N - L a ~ 1 7 p ~ - ~ ~ ~ ,  N - L a ~ 1 7 p ~ - ~ ~ ~  or N- 

Las17p1.294 was introduced into lar17A cells. The transformants were streaked on YPUAD plates to 

examine growth at 24OC and 37°C. 

B. A growth curve was plotted by measuring the OD600 at 1 hour intervals for liquid culture of the 

indicated strains grown at 37'C. 

After examining the growth of cells in the plate assay, a growth curve was plotted for 

liquid culture of the cells expressing N-Las 1 7 ~ ~ - ~ ~ ~ ,  N-Las 1 7 ~ ~ - ~ ~ ~ ,  N-Las 1 7 ~ 1 - 3 ~ ~  and N- 

L a s 1 7 p 1 - ~ ~ ~ .  The results of the liquid culture assay showed that there was a progressive 
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decrease in the growth rate of the cells in proportion to the size of the deletion of the 

proline rich regions. Visual examination of the growth curve suggests that the growth rate 

of the lasl7A cells expressing N - L a ~ 1 7 p ~ - ~ ~ ~  and N - L a ~ l 7 p ~ - ~ ~ ~  is similar (Fig. 3.91B). 

Similarly, lasl7A cells expressing N - L a s l 7 p 1 ~ ~ ~ ~  and N - L a ~ 1 7 p ] - ~ ~ ~  also grew at the same 

rate (Fig. 3.91B). However, the rate of growth of lasl7A cells expressing N - L a s l 7 p 1 - ~ ~ ~  

was higher than that of the cells expressing N - L a s l 7 p 1 - ~ ~ ~  (Fig. 3.91B), suggesting that 

the region of the protein encompassed by the amino acid residues from 340-349 of N- 

L a s 1 7 p 1 - ~ ~ ~  plays an important role in complementing growth defects of lasl7A cells. 

Vector Lasl7p N-Lasl7p ,,,, N-Lasl7p,,, N-Lasl7p ,,,, N-Lasl7p,,, 

Figure 3.92 N - L a s 1 7 ~ , - ~ ~ ~  does not rescue the defects in endocytosis of lasl7A cells at 37OC. 

IDY223 transformants harboring empty vector, vector expressing Las l7p, N-Lasl 7pl-3as, N-Las 1 7pl-350, 

N-Lasl7pI,,, or N-Las17plsz2 were tested for LY uptake at 24OC and 37°C. LY signal was visualized 

by fluorescence microscopy. Upper panels: fluorescence optics. Lower panels: DIC optics. Bar, 5pm. 
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After examining the effect of the deletion of the proline rich regions on the activity of the 

N-terminal region of Las 17p in suppressing the growth defects of lasl7A cells, the ability 

of the lasl7A cells to carry out fluid phase endocytosis was examined by incubating the 

cells in Lucifer Yellow (LY) at 24°C and 37°C. The transformants expressing N-Las17pl. 

350 and N - L a s l 7 ~ ~ - ~ ~ ~  were able to take up the dye at both 24°C and 37°C but the mutant 

cells expressing N-Las17p1-~~~ were able to take up the dye only at 24°C but not at 37°C 

(Fig. 3.92). 

A 
Vector Lasl7p N-Las17pl,,, N-Las17pl,,, N-Las17pl,,, N-Las17pl,,, 

YPUAD YPUAD+IM NaCl 

Figure 3.93 N-La~l7p,,,~ and N-Lasl7p1.,,, are unable to restore actin patch polarization in las17A 

cells at 37OC. 

A. IDY223 transformants growing exponentially at 24OC and harboring empty vector, vector 

expressing Lasl7p, N - L a ~ 1 7 p ~ - ~ ~ ~ ,  N - L a s 1 7 ~ ~ - ~ ~ ~ ,  N - L a ~ 1 7 p ~ - , ~ ~  or N - L a s 1 7 ~ , - , ~ ~  were fixed, 

permeabilized and F-actin stained with Alexa-488-conjugated phalloidin. The actin patches were 

visualized by fluorescence microscopy. Bar, Spm. 

B. The indicated strains were streaked on YPUAD plate and YPUAD plate containing 1M NaCl and 

incubated at 24OC. 
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Then the distribution of actin patches in lasl7A cells expressing N-Las l7p1-~~~ ,  N- 

L a s 1 7 p 1 - ~ ~ ~  and N-Las17p1-~22 was examined by phalloidin staining. Actin patches were 

polarized at both 24°C and 37°C only in the mutant cells expressing but in 

the lasl7A cells expressing N-Lasl 7p1-339 and N - L a s 1 7 ~ 1 - ~ ~ ~ ,  polarization of actin patches 

was restored at 24°C but not at 37°C (Fig. 3.93A). The ability of N - L a ~ l 7 p ~ - ~ ~ ~ ,  N- 

Lasl 7p1-339 and N - L a ~ 1 7 p ~ - ~ ~ ~  to rescue the cytoskeletal defects of las17A cells at 24°C 

was further supported by the observation that lasl7A cells expressing the three proteins 

were able to grow on YPUAD plates containing 1M NaCl (Fig. 3.93B). N-Lasl7pl-350- 

GFP, N - L ~ S ~ ~ ~ ~ - ~ ~ ~ - G F P  and N-Lasl7p1_~2~-GFP localized to the cortical patches of 

lasl7A cells at both 24°C and 37°C (Fig. 3.94). 

GFP Las17p N-Lasl 'lplae8 N-Lasl 7p1,,, N-Lasl 7p1,,, N-L~~I~PI,ZZ 
-GFP -GFP -GFP -GFP -GFP 

Figure 3.94 N - L ~ S ~ ~ ~ , - ~ ~ ~ - G F P ,  N - L a ~ l 7 p , . ~ ~ ~ - G F p  and N - L ~ S ~ ~ ~ ~ . ~ ~ ~ - G F P  localize to the cortical 

patches of lasl7A cells. 

lasl7A cells expressing GFP, Las l7p-GFP, N-Las 1 N-Las 1 7pl-3So-GFP, N-Las 1 ~ P , - ~ ~ ~ - G F P  or 

N - L ~ s ~ ~ ~ , . ~ , ~ - G F P  were grown in YPUAD liquid. GFP signal was visualized in living cells by 

fluorescence microscopy. Upper panels: FITC-fluorescence optics. Lower panels: DIC optics. Bar, 5pm. 
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3.3.21 Mutation of the proline rich regions (323-329, 342-348 or  352-358) in N- 

Las17pl-368 has no effect on the activity of N-Las17pl-368 

Expression of N - L a ~ 1 7 p ~ - ~ ~ ~  suppressed the growth defects of las17A but did not restore 

endocytosis or actin patch polarization at 37OC. This suggests that the region of N- 

L a ~ 1 7 ~ ~ - ~ ~ ~  between the residues 323-368 is essential for the activity of N - L a s 1 7 ~ ] - ~ ~ ~  in 

restoring endocytosis and actin patch polarization in las17A cell at 37OC. The region 

enclosed by the residues 323-368 in N - L a ~ 1 7 p ~ - ~ ~ ~  is rich in proline residues. It has been 

suggested that Myo5p binds to the PxxxxPxxP motif (P- proline; x- any amino acid) 

present in both Lasl7p and Vrplp (Evangelista et a]., 2000). Lasl7p has 4 potential 

PxxxxPxxP motifs (Evangelista et al., 2000) one of which is located in the region flanked 

by the residues 323-368 (Fig. 3.77). The proline residues between the regions 323-329, 

342-348 or 352-358 of N - L a ~ 1 7 p ~ - ~ ~ ~  were mutated to alanine through site directed 

mutagenesis to generate plasmids coding for N- as 1 7pl-368323, N - L ~ S  1 7P1-368342 or N- 

Lasl 7p1.368352 respectively (Fig. 3.95). 

321 331 341 35 1 361 

NRPVPPPPPM RTTTEGSGVR LPAPPPPPRR GPAPPPPPHR HVTSNTLN 

v 

N - L ~ s I ~ ~ , , , , ~ ~ ~  WH1 I PPPP I 

Figure 3.95 Schematic map of N-Las17p~,,,~~~, N-Las17p,,,,~~~ and N-lasl 7p1-,352. 

Plasmids coding for ~ - ~ a s 1 7 ~ 1 - 3 6 ~ ~ ~ ~ ,  ~ - ~ a s 1 7 ~ 1 - 3 6 8 3 ~ ~  or were 

introduced into las17A cells and the transformants were assessed for growth at 37OC. 

Expression of N - L ~ S  1 7pl-368323, N - L ~ S  1 7P1-368342 Or N - L ~ S  1 7P1-368352 suppressed the 

159 Results 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



growth defects of las17A cells at 37OC in both the plate assay and liquid culture assay 

(Fig. 3.96). I 

-W- N-Las17pq,,, 

- + N-La~17p,,~,'~~ 

jt N-Las17p,,,,"2 
- -+ N l a ~ l 7 p , , Z ~ ~  

+ Vector 

0 2 4 6 8 10 

Time (h) 
Figure 3.96 Mutation of the proline rich regions at 323-329, 342-348 or 352-358 does not affect the 

ability of N - L ~ s ~ ~ P ~ - ~ ~ ~ ~ o  rescue the growth defects of lasl7A cells. 

A. Empty vector or vector encoding N - L ~ S  1 7 ~ ~ - ~ ~ ~ ,  N-L~S 17P1-368323, N-~as1  7P1-368342 or N- as 1 7pl. 
352 

368 was introduced into IDY223. The transformants were streaked on YPUAD plates to examine 

growth at 24'C and 37OC. 

B. A growth curve was plotted by measuring the OD600 at 1 hour intervals for liquid culture of the 

indicated strains grown at 37OC. 

The transformants expressing N- as 1 7P1-368323, N- as 1 7P1-36242 or N- as 1 7P1-368352 were 
I 

I ~ 
examined for their ability to carry out fluid phase endocytosis by incubating the cells with 

Lucifer Yellow (LY) at 24OC and 3 7 0 ~ .  Expression o f ~ - ~ a s 1 7 ~ 1 - ~ ~ ~ ~ ~ ~ ,  ~ - ~ a ~ 1 7 ~ ~ - ~ ~ ~ ~ ~ ~  

or ~ - ~ a s 1 7 ~ ~ . ~ ~ ~ ~ ~ ~  enabled the uptake of LY into the vacuoles, as indicated by the 

fluorescence in the vacuoles (Fig. 3.97). The distribution of actin patches in the 
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transformants expressing N-Las 1 7p 1 .36a323, N-L~S 1 7p, -36g342 Or N-Las 1 7P1 -368352 was 

examined by staining the cells with Alexa-488-conjugated phalloidin. The transformants 

expressing N- as 1 7pl-368323, N - L ~ S  1 7 ~ 1 - 3 6 8 ~ ~ ~  or N-L~S 1 -36g352 showed polarized 

distribution of actin patches (Fig. 3.98). Therefore, mutating the proline residues in the 

proline rich regions 323-329, 342-348 or 352-358 does not affect the ability of N- 

L a ~ 1 7 ~ ~ - ~ ~ ~  to rescue the defects of the lasl7A strain. This also raises the possibility that 

instead of mutating just one of the three proline rich regions, two of the proline rich 

regions or all the three regions need to be mutated to affect the activity of N-LaS17~1-~~g. 

Vector Lasl7p ~-~asl7p,,,, N - L ~ S I ~ ~ , ~ ~ ~ ~ ~  N - L ~ S I ~ P , ~ ~ , ~ ~  N - L a ~ 1 7 ~ 1 4 6 a ~ ~ ~  

Figure 3.97 Expression of ~ - ~ a s 1 7 ~ ~ . ~ ~ ~ ~ ~ ~ ,  ~ - ~ a s 1 7 ~ ~ ~ ~ ~ 8 3 ~ ~  or N-~as17p, ,~,3~~ rescues the defects 

in endocytosis of lasl7A cells at 24°C and 37°C. 

IUSl7A cells expressing Lasl7p, N-La~17p , -~~~ ,  ~ - ~ a ~ 1 7 ~ 1 - 3 6 8 3 ~ ~ ,  ~ - ~ a ~ 1 7 ~ 1 - 3 6 8 3 ~ ~  Or N-Lasl7pl. 

36,'52 were tested for LY uptake at 24OC and 37OC. Upper panels: fluorescence optics. Lower 

panels: DIC optics. Bar, 5pm. 

161 Results 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Vector Lasl7p N-Las17pl,,, N - L ~ S I ~ ~ , ~ ~ ~ ~ ~  ~ - L a s l 7 p ~ , , , ~ ~  N - L ~ S I ~ ~ , , , , ~ ~ ~  

323 Figure 3.98 Expression of N - L ~ S I ~ ~ , . ~ ~ ~  , ~ - ~ a s 1 7 ~ , - ~ ~ 2 ~ ~  or ~ - ~ a ~ 1 7 ~ ~ - ~ ~ ~ ~ ~ ~  restores actin 

patch polarization in lasl7A cells at both 24OC and 37OC. 

Exponentially growing las17A cells expressing ~ a s l 7 p ,  N - L ~ S I ~ P , - ~ ~ ~ ,  ~ - ~ a ~ 1 7 ~ ~ - ~ ~ 8 3 ~ ~ ,  N- 

~ a ~ 1 7 ~ ~ - ~ ~ ~ ~ ~ ~  or were fixed, permeabilized and F-actin stained with Alexa-488- 

conjugated phalloidin. The actin patches were visualized by fluorescence microscopy. Bar, 5pm. 

3.3.22 Full length Lasl7p with mutation is able to suppress growth defects of lad76 

cells 

The mutations in ~ - ~ a s l 7 ~ ~ - ~ ~ ~ ~ ~  abolished the ability of the N-terminal region of 

Las 17p to suppress the defects in lasl7A strain. In order to examine if the presence of the 

L80T and H94L mutations affect the activity of full length Lasl7p, site directed 

mutagenesis was used to construct a plasmid coding for full length Lasl7p bearing the 

L80T and H94L amino acid substitutions (Fig. 3.99). Plasmid expressing ~ a s l 7 ~ "  was 

introduced into lasl7A cells and the transformants were examined for growth on YPUAD 

plates at 37OC and a growth curve at 37OC was plotted by measuring the ODsoo of the 

liquid culture at 1 hour inte~ ansformants expressing ~ a s l 7 ~ ' ~  grew at 37°C in 

both the plate assay and the liquid culture assay, similar to lasl7A cells expressing full 

length Lasl7p (Fig. 3.100). 
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Figure 3.99 Schematic map of Las17pTL, Lasl7p,.,,,, L ~ S I ~ P , S ~ ~ ~ ~ ,  N-L~sI~PI-~BBVCA and 
N-Lasl 7pl-,8TLVCA. 

WH1 

Time (h) 

PPPP 

Figure 3.100 Expression of the full length mutant, ~ a s l 7 ~ ~ ~  rescues the growth defects of lasl7A cells. 

A. Empty vector or vector encoding Lasl7p or ~ a s l 7 ~ ~ ~  was introduced into las17A cells. The 

transformants were streaked on YPUAD plates to examine growth at 24OC and 37°C. 

B. A growth curve was plotted by measuring the ODm at 1 hour intervals for liquid culture of the 

indicated strains grown at 37OC. 
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L ~ S ~ ~ ~ ~ ~ - G F P  localized to the cortical patches of las17A cells at both 24°C and 37OC 

(Fig. 3.101) and the expression of L ~ S ~ ~ ~ ' ~ - G F P  was detected by western blotting of 

total cell lysates (Fig. 3.102). 

24'C 
Las l7p-GFP or Las 1 7 p T L - ~ ~ ~  were 

grown in YPUAD liquid to 

exponential phase at 24'C. The cells 

were immediately processed for 

microscopic visualization or they 

were shifted to 37OC for 2 hours 

prior to the processing. GFP signal 

was visualized in living cells by 

fluorescence microscopy. Upper 

panels: FITC-fluorescence optics. 

Lower panels: DIC optics. Bar, 

5pm. 

Figure 3.102 Expression of ~ a s l 7 ~ ~ ~  in lasl7A cells. 

$ C* 
Total protein extract was prepared from IDY223 transformants 

+q dQ growing exponentially at 24'C and harboring vector expressing $ 
Lasl7p-GFP or L ~ S ~ ~ ~ ~ ~ - G F P .  The extracted proteins were separated 

by SDS-PAGE and Western blotted. The GFP hsion proteins were 

detected using anti-GFP serum and Hexokinase (loading control) was 

detected using anti-Hexokinase serum. 
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3.3.23 Expression of ~ a s l 7 ~ ~ ~  rescues the endocytosis defect but rescues the actin 

patch polarization defect of lasl7A strain at only 24OC 

Expression of the full length mutant, ~ a s l 7 ~ ~ ~  was able to rescue the growth defects of 

the lasl7A cells. The ability of ~ a s l 7 ~ ~ ~  to rescue the defects in endocytosis and actin 

patch polarization in lasl7A cells was then examined. Expression of ~ a s l 7 ~ ~ ~  enabled 

vacuolar uptake of Lucifer Yellow (LY) at both 24°C and 37°C as indicated by the 

vacuolar fluorescence (Fig. 3.103), which was similar to that seen in mutant cells 

expressing wild type Lasl7p. The cortical actin patches were polarized at 24OC in the 

transformants expressing ~ a s l 7 ~ ~ ~  but at 37OC, the actin patches were depolarized (Fig. 

3.104). 

Vector Lasl7p Las17pn 

Figure 3.103 Expression of 

~ a s l 7 ~ ~ ~  rescues the defects in 

endocytosis of lasl7A cells. 

l m l 7 A  cells harboring empty vector, 

vector expressing Las l7p or 

~ a s l 7 ~ ~ ~  were incubated with LY at 

24°C or 37°C and washed 

thoroughly. For performing the 

assay at 37"C, the cells were 

incubated at 37OC for 2 hours prior 

to the addition of LY. LY signal was 

visualized by fluorescence 

microscopy. Upper panels: 

fluorescence optics. Lower panels: 

DIC optics. Bar, 5pm. 
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Vector 
Figure 3.104 Expression of ~ a s l 7 ~ ~ ~  does not 

restore actin patch polarization in lasl7A cells 

at 37OC. 

Exponentially growing las17A cells harboring 

empty vector or vector expressing Lasl7p or 

~ a s l 7 ~ ~ ~  were fixed, permeabilized and F-actin 

stained with Alexa-488-conjugated phalloidin. 

The actin patches were visualized by 

fluorescence microscopy. Bar, 5pm. 

3.3.24 ~ a s l 7 ~ ~ ~  does not interact with Vrplp in a pull down assay 

The ability of ~ a s l 7 ~ ~ ~  to interact with Vrplp was determined by performing a His-tag 

pull down assay. Plasmid expressing C-Vrplp-HisT was co-transformed with plasmid 

expressing Lasl7p-GFP or L ~ S ~ ~ ~ ~ ~ - G F P  into vrplA cells. The pull down assay showed 

that C-Vrplp-HisT was able to pull down only Lasl7p-GFP but not the mutant, 

Las 1 7 p T L - ~ ~ ~  (Fig. 3.105), suggesting that   as 1 7 p T L - ~ ~ ~  was unable to interact with C- 

Vrp 1 p-HisT. 

C-Vrplp-HisT pull down Figure 3.105 ~ a s 1 7 6 ~  does not interact with C-Vrplp in a pull 

4 down assay. 

6 0 IDY223 was co-transformed with plasmids expressing C-Vrplp- 
dQ* &* 

** 8 HisT and Lasl 7p-GFP or ~ a s l  7 p T L - ~ ~ ~ .  The transformants were 
t t 

grown in YPUAD liquid at 24OC to exponential phase and a His-tag 

pull down assay was done. The GFP fusion proteins were detected 

a-HisT using anti-GFP serum and C-Vrplp-HisT was detected using anti- 

HisT serum. 

166 Results 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

DRD
Rectangle



3.3.25 The VCA domain of ~ a s l 7 ~ ~ ~  is critical for rescuing endocytosis defect of 

lasl7A cells at 37OC 

Expression of the N-terminal mutant, ~ - ~ a s l 7 ~ 1 - 3 6 8 ~ ~  did not rescue the growth defect of 

lasl7A cells while endocytosis and actin patch polarization are restored at only 24°C and 

not 37°C. In contrast to the behavior of the N-terminus mutant, expression of the full 

length mutant, ~ a s l 7 ~ ~ ~  in lasl7A cells rescues the defects in growth and endocytosis but 

does not restore actin patch polarization at 37°C. Next, the function of the VCA domain 

in the activity of ~ a s l 7 ~ ~ ~  was examined. Plasmids encoding Lasl 7pl-527 and Lasl 7pl- 

527TL which had a deletion of the VCA domain were constructed (Fig. 3.99). lasl7A cells 

expressing Las17p1-~2~ or ~as17~1-527TL were able to grow on YPUAD plates at 37OC 

(3.106A) but in the liquid culture assay, the cells expressing ~ a s 1 7 ~ ~ - ~ 2 ~ ~ ~  were not as 

efficient as the cells expressing L a ~ 1 7 p ~ - ~ ~ ~  (Fig 3.106B). The sub-cellular localization of 

Las 1 7 ~ ~ - ~ ~ ~  and   as 1 7P1.527TL was studied by fluorescence microscopy. Las 1 7p1-527-GFP 

and ~ a s l 7 ~ 1 . 5 2 7 ~ ~ - ~ ~ ~  localized to the cortical patches of lasl7A cells at both 24°C and 

37°C (Fig. 3.107). Immunoblotting of protein extracts from lasl7A cells expressing 

L ~ s ~ ~ ~ ~ - ~ ~ ~ - G F P  and ~ a s l 7 ~ 1 - 5 2 7 ~ ~ - ~ ~ ~  suggests that the expression of the mutant, 

Lasl 7p1-527TL-~~~ was similar to that of Lasl 7p1-527-GFP (Fig. 3.108). 
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B 37°C Figure 3.106 Expression of ~ a s l 7 ~ , - ~ ~ , T ~  rescues the 
+ ~as17p growth defects of lasl7A cells. 
-A- Las17pTL 

0.8 1 + Las17plm A. Empty vector or vector encoding Las17p, Las17pl. 

Time (h) strains grown at 37OC. 

0 

8 0.8 - 
0 
0 

0.4 - 

0.2 - 

0.0 

GFP Lasl7p-GFP Lasl7p,,,,-GFP Lasl7p1,,,n-GFP 

+ Las17plmTL 
-4- Vector 

527 or ~ a ~ 1 7 ~ ~ - ~ ~ ~ ~ ~  was introduced into lasl7A cells. 

The transformants were streaked on YPUAD plates 

to examine growth at 24OC and 37°C. 

B. A growth curve was plotted by measuring the OD600 
I I I I I 

Figure 3.107 ~ a s l 7 ~ ~ . ~ ~ ~ ~ ~ - ~ ~ ~  

localizes to the cortical patches of 

1as17A cells. 

Vector encoding GFP, Lasl7p-GFP, 

Las 1 7p, -,,,-GFP or Las 1 7p,-52,TL- 

GFP was introduced into IDY223. 

GFP signal was visualized in living 

cells by fluorescence microscopy. 

Upper panels: FITC-fluorescence 

optics. Lower panels: DIC optics. 

Bar, 5pm. 

at 1 hour intervals for liquid culture of the indicated 
0 2 4 6 8 1 0  
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Figure 3.108 Expression of ~ a s 1 7 ~ ~ . ~ ~ ~ ~  in lasl7A cells. 

Total protein extract was prepared from exponentially growing 

las17A cells expressing L ~ S ~ ~ ~ ~ . ~ , , - G F P  or L~S~~~~., , :~-GFP. The 

a-Hex extracted proteins were separated by SDS-PAGE and Western 

blotted with anti-GFP and anti-Hexokinase antisera. 

Then the distribution of actin patches and the ability of the lasl7A cells expressing 

L a ~ 1 7 p ~ - ~ ~ ~  and ~asl7~~.527n '  to carry out fluid phase endocytosis were examined. 

Expression of the wild type protein, La~17pl -~2~ in lasl7A cells restored fluid phase 

endocytosis at both 24°C and 37°C as indicated by the fluorescence in the vacuoles (Fig. 

3.109). The lasl7A cells expressing ~ a s l 7 ~ 1 - ~ 2 7 ~  were able to take up the dye at 24°C 

but not at 37°C (Fig. 3.109). 

Vector Lasl7p Lasl7p,,,, Lasl7p,,,,n Figure 3.109 Expression of 

Lasl 7P1.527TL does not restore 

endocytosis in Iasl7A cells at 

37°C. 

lasl7A cells expressing 
24°C Las 1 7p, Las 1 7pl -527 or 

Lasl 7pl.527TL were incubated 

with LY at 24OC or 37OC and 

washed thoroughly. For 

performing the assay at 37OC, 

cells were incubated at 37OC 

for 2 hours prior to the 

addition of LY. LY signal 

37°C was visualized by 

fluorescence microscopy. 

Upper panels: fluorescence 

optics. Lower panels: DIC 

optics. Bar, 5pm. 
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Similarly, the actin patches were polarized at 24OC in the transformants expressing 

L a ~ 1 7 p ~ - ~ ~ ~  or ~ a ~ 1 7 ~ ~ - ~ ~ ~ ~ ~  (Fig. 3.1 10) but at 37OC, the patches were polarized only in 

the transformants expressing the wild type protein, Las 17~1-527 (Fig. 3.1 10). 

Vector Lasl7p 

Figure 3.110 Expression of ~ a s l 7 ~ ~ - ~ ~ ~ ~ ~  does not restore actin patch polarization in las17A cells at 37OC. 

las17A cells growing exponentially at 24OC and harboring empty vector, vector expressing Lasl7p, 

L a ~ 1 7 p , - ~ ~ ~  or ~ a ~ 1 7 ~ ~ - ~ ~ ~ ~ ~  were fixed immediately or were shifted to 37OC for 2 hours prior to fixing. 

The fixed cells were permeabilized and F-actin stained with Alexa-488-conjugated phalloidin. The actin 

patches were visualized by fluorescence microscopy. Bar, 5pm. 

3.3.26 Expression of ~ - ~ a ~ l 7 ~ ~ - ~ ~ ~ ~ ~  fused with the VCA domain suppresses the 

growth defects of lasl7A cells 

Expression of ~ - ~ a s l 7 ~ l - 3 6 g ~ ~  in lasl7A cell does not suppress the defects of the strain at 

37°C though endocytosis and actin patch polarization are restored at 24OC (Figs. 3.64-66). 

N - ~ a s l 7 ~ l . 3 6 8 ~  does not interact with Vrplp as indicated by the pull down assay (Fig. 

3.78A). The pull down assay with the Myo5p-SH3 domain also suggests that N-Las17pl- 

368TL interacts with a lesser fraction of Myo5p-SH3 domain as compared to the wild type 

protein (Fig. 3.788). These findings indicate that N-La~l7~1-368~~  is defective possibly 

due to its lack of or sub-optimal binding to cytoskeletal proteins like Vrplp and Myo5p 

respectively. In vitro studies have shown that the VCA domain of Lasl7p is capable of 
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activating the Arp213 complex (Rodal et al. 2003). We reasoned that fusing the Lasl7p- I I 

VCA domain to ~ - ~ a s l 7 ~ ~ . ~ ~ g ~  could compensate for the lack of binding1 less binding 

of N - L ~ S  17P~-36gTL with Vrplpl Myo5p. The DNA encoding the Lasl7p-VCA domain 

was amplified by PCR and fused to the C-terminal end of the DNA encoding N-Las17pl- 

368 and N- as 1 7P1-36gTL (Fig. 3 9). The plasmids expressing N-Las 1 7pl-368VCA and N- 

~ a s l 7 ~ ~ - ~ ~ ~ ~ ~ ~ ~  were introduced into lasl7A cells and the transformants were assessed 

for growth at 37OC. Expression of ~ - ~ a s l 7 ~ l - 3 6 8 9 ~ ~  enabled the transformants to 

grow at 37OC in the plate assay (Fig. 3.1 11) and also restored fluid phase endocytosis at 

24°C and 37°C (Fig. 3.1 12). However, expression of ~ - ~ a s l 7 ~ 1 - ~ 6 g ~ ~ ~ ~ ~  restored actin ~ 
patch polarization in las17A cells only at 24OC (Fig. 3.1 13). The localization of N- 

  as 1 7 P 1 - 3 6 8 T L ~ ~ ~  was examined by generation the GFP fusion construct N-Las 1 7pl. 

3 6 8 T L ~ ~ ~ - ~ ~ ~ .  N - L ~ s ~ ~ ~ ~ - ~ ~ ~ ~ v c A - G F P  localized to the cortical patches of las17A 
I ~ 

cells at 24OC and 37°C (Fig. 3.1 14). 

Figure 3.111 Expression of N - L ~ ~ ~ ~ ~ ~ - ~ ~ ~ ~ ~ v c A  rescues growth defects of las17A cells in the plate assay. 

Empty vector or vector encoding N - L ~ S ~ ~ P , - ~ ~ ~ ,  N - L ~ S ~ ~ ~ ~ - ~ ~ ~ V C A  or N - L ~ ~ ~ ~ ~ ~ . ~ ~ ~ ~ ~ v c A  was introduced into 

IDY223. The transformants were streaked on YPUAD plates to examine growth at 24OC and 37°C. 
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Vector N-Las17plJ,, N - L a s l 7 ~ , , ~ ~ ~ ~  N-Lasl7pId6,VCA N - L a s l 7 ~ ~ , ~ ~ ~ v C A  

Figure 3.112 Expression of N - L ~ ~ I ~ ~ ~ . ~ ~ ~ ~ ~ v c A  rescues the defects in endocytosis of lasl7A cells at 37OC. 

lasl 7A cells expressing N-Las 1 7pl-368, ~ - ~ a s l 7 ~ ~ ~ ~ ~ ~ ~ ,  N-LW 1 7pl-368VCA Or N-LW 1 7 P I - 3 6 8 n ~ ~ ~  Were tested 

for LY uptake at 24OC and 37OC. LY signal was visualized by fluorescence microscopy. Upper panels: 

fluorescence optics. Lower panels: DIC optics. Bar, 5pm. 

Vector ~-~asl7p,,, N - L a ~ l 7 p , , ~ ~ ~  N - L ~ s ~ ' ~ P ~ ~ ~ ~ V C A  N-L~SI~P,,,,~VCA 

Figure 3.1 13 Expression of N - L ~ ~ ~ ~ ~ ~ . ~ ~ ~ ~ v c A  does not restore actin patch polarization in lad  7A cells at 37OC. 

!as1 7A cells s growing exponentially at 24OC and harboring empty vector, vector expressing Lasl7p, N - L a s l 7 ~ ~ . ~ ~ ~ ,  

or N - L ~ ~ ~ ~ ~ , . ~ ~ ~ ~ V C A  were fixed immediately or shifted to 37OC for 2 hours prior to fixing. 

The fixed cells were permeabilized and F-actin stained with Alexa-488-conjugated phalloidin. The actin patches 

were visualized by fluorescence microscopy. Bar, 5pm. 
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GFP 

Figure 3.114 N - L ~ S ~ ~ ~ ~ . ~ ~ ~ V C A - G F P  and N - L ~ S ~ ~ ~ ~ - ~ ~ ~ ~ ~ V C A - G F P  localize to the cortical 

patches of 1m17A cells. 

Vector encoding GFP, Las l7p-GFP, N-Las 1 ~ P ~ . ~ ~ ~ - G F P ,  N-Lasl 7pl.368VCA-GFP or N-Lasl 7pl. 

3 6 8 T L ~ ~ ~ - ~ ~ ~  was introduced into 1m1 7A cells and the transformants were grown in YPUAD 

liquid. GFP signal was visualized in living cells by fluorescence microscopy. Upper panels: 

FITC-fluorescence optics. Lower panels: DIC optics. Bar, 5pm. 
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Table 3.12 Summary of functional studies on the expression of Lasl7p constructs in 
las17A strain. The suppression of the growth defect, defect in endocytosis or actin 
patch polarization is indicated by "+" while "-" indicates otherwise. Similarly for the 
localization studies, "+" indicates localization to the cortical actin patches and "-" 
indicates inability to localize to the cortical patches. N indicates studies not done. 
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Growth 

370C 

+ 
+ 

+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
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+ 
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+ 
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4 Discussion 

4.1 Functional analysis of WASP family of proteins 

In S. cerevisiae, actin filaments are organized into three prominent structures: cortical 

actin patches, actin cables and the actomyosin ring; of which the actin patches make up 

most of the filamentous actin in the yeast cell. Actin patches are in a constant state of flux 

having slow lateral motion followed by rapid internalization into the cytoplasm. The 

motility of the patches at the cortex and in the cytoplasm is facilitated by actin 

polymerization mediated by a host of proteins (reviewed in Moseley & Goode, 2006). 

The assembly of G-actin to form the F-actin polymer is a tightly regulated process which 

involves the nucleation of the actin filaments by proteins called actin nucleators such as 

Arp213 complex. The Arp213 complex nucleates actin assembly by mimicking the barbed 

end of an actin filament (Pollard et al., 2002). The Arp213 complex has minimal 

nucleation activity on its own and it has to be activated by nucleation promotion factors 

(NPF) (Mullins et al., 1998; Welch et a]., 1998; reviewed in Pollard, 2007). The Wiskott 

Aldrich Syndrome protein (WASP) is one of the best characterized member of the Class I 

family of NPFs. WASP is a 502 residue proline rich protein that is expressed 

predominantly in hematopoietic cells (Derry et al., 1994). Mutations in the gene coding 

for WASP cause the genetic disease Wiskott Aldrich Syndrome (WAS), an X-linked 

disease (Derry et al., 1994). The primary symptoms of Wiskott Aldrich Syndrome (WAS) 

are thrombocytopenia, eczema and bleeding disorders. WASP is the founding member of 

the WASP family which in mammals include WASP, N-WASP, WAVEI, WAVE2 and 

WAVE3. WASP is expressed only in hematopoietic cells while the paralogs are 

ubiquitous (Miki et al., 1996; Miki et al., 1998). WASP consists of the WHl domain at 
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the N-terminal region followed by the GTPase binding domain (GBD), proline rich 

region and lastly the verprolin homology-cofilin homology-acidic domain (VCA domain) 

(Fig. 1.6; reviewed in Pollard, 2007). The WH1 domain of WASP interacts with 

mammalian Verprolins (WIP, WIRE and CR16) (Ramesh et al., 1997; Aspenstrom, 2004; 

Ho et al., 2001). Mutations causing Wiskott Aldrich Syndrome (WAS) have been shown 

to abolish WASP-WIP interaction (Stewart et al., 1999) and majority of missense 

mutations are located within the WHl domain. 

Lasl7p is the S, cerevisiae homologue of mammalian WASP with similar domain 

organization as that of WASP but without the GTPase binding domain (GBD) (Moseley 

and Goode, 2006). Lasl7p, unlike WASP has been shown to be constitutively active and 

able to promote actin polymerization even in the absence of Cdc42p (Rodal et al., 2003). 

The WHl domain of Lasl7 interacts with the Lasl7p binding domain (LBD) of Vrplp 

(Naqvi et al., 1998). Vrplp is the yeast homologue of mammalian WIP (Ramesh et al., 

1997). The proline rich regions of Lasl7p interact with SH3 domain containing proteins 

like Bzzlp, Hoflp, Myo3p, Myo5p and Rvs167p (Soulard et al., 2002; Naqvi et al., 2001; 

Evangelista et al., 2000; Lechler et al., 2000; Colwill et al., 1999). The VCA domain at 

the C-terminal region of Lasl7p binds and activates the Arp2/3 complex (Rodal et al., 

2003). 

In this study, the functional significance of WASP-WIP interaction and Lasl7p-Vrplp 

interaction has been examined in lasl7A strains. 
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4.2 Functional analysis of WASP-WIP interaction using S. cerevisiae 

lasl7A 

4.2.1 WASP suppresses the growth defects of lasl7A cells only in the presence of 

WIP 

Expression of human WASP in S, cerevisiae las17A cells did not suppress the growth 

defects of the strain (Fig. 3.3) while co-expression of WASP with WIP was able to rescue 

the growth defects at 37OC (Fig 3.5). WASP localizes to the cortical actin patches of 

las17A cells only in the presence of WIP and co-expression with WIP also improves the 

stability of WASP (Fig. 3.8-10). Abolishing WASP binding to WIP impairs WASP 

localization to the cortical patches though the localization of WIP remains unaffected 

(Fig. 3.16, 18). Expression of WIP alone in the lasl7A strain does not rescue the growth 

defects of the strain (Fig. 3.7) suggesting that the growth of the las17A cells at 37OC 

requires the combined activity of WASP and WIP. 

Lasl7p has been shown to localize to the cortical actin patches in S. cerevisiae cells (Li, 

1997) and this in turn implies that WASP is unable to rescue the defects of lasl7A strain 

due to its inability to localize to the cortical actin patches of lasl7A cells in the absence 

of WIP. In S. cerevisiae cells, Lasl7p and Vrplp function as a complex (Thanabalu et al., 

2007). WIP is the human homologue of yeast Vrplp and in mammalian cells, WASP and 

WIP form a complex similar to the complex formed by Las l7p and Vrp l p  in yeast cells 

(Naqvi et al., 1998). It has also been shown that expression of WIP in vrplA cells rescues 

the growth defects of the mutant strain (Vaduva et al., 1999) suggesting that WIP is 

capable of participating in the cascade of events regulating cytoskeleton in S. cerevisiae. 
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In mammalian cells, WIP is crucial for localization of WASP both in a vaccinia-based 

actin motility system and to the immune synapse after T cell receptor (TCR) ligation 

(Moreau et al., 2000; Sasahara et al., 2002). Additionally, abolishing WASP-WIP 

interaction in macrophages not only affects chemotaxis but also podosome formation in 

the cells (Tsuboi, 2007). Considering that podosomes are also actin rich structures on the 

plasma membrane, similar to the cortical actin patches in yeast cells, it is very likely that 

WIP plays an important role in the localization and activity of WASP. 

4.2.2 WASP and WIP function as a complex in suppressing the growth defects of 

lasl7A cells 

WASP is able to suppress the growth defects of IDY 166 in the presence of WIP and the 

apparent role of WIP in the activity of the WASP-WIP complex is to target the complex 

to the cortical actin patches. This in turn raises a question as to whether WASP can 

suppress growth defect of IDY166 if in the absence of WIP, WASP is targeted to the 

plasma membranes through other means. Fusion of a CAAX box motif (GCCIIC) at the 

carboxyl terminal of proteins confers them with strong cortical localization (Golsteyn et 

al., 1997). It has been shown that fusing Raslp's CAAX box (Powers et al., 1984) to GFP 

localizes GFP to the plasma membrane of S. cerevisiae (Thanabalu and Munn, 2001) and 

it was determined that fusing the CAAX box to human and S. cerevisiae cytoskeletal 

proteins improved their activity in S. cerevisiae mutant strains. Fusing CAAX to N- 

terminal region of Vrplp (N-Vrplp) enhanced the activity of N-Vrplp-CAAX in vrplA 

cells (Thanabalu et al., 2001) and similarly, the activity of mammalian Verprolins like 

WIP and CR16 was enhanced in vrplA cells by the fusion of CAAX box (unpublished 
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data from our lab). However, in the case of WASP, localization of WASP to the plasma 

membrane by fusing CAAX did not enable WASP-CAAX to suppress the growth defect 

of IDY166, in the absence of WIP (Fig. 3.1 1A). Therefore, localization of WASP to 

plasma membrane alone is not sufficient for the activity of WASP in S. cerevisiae cells, 

suggesting that WIP has additional roles besides mediating WASP localization. 

Additionally, it is also possible that instead of a general localization to the plasma 

membrane through fusion of CAAX to WASP, WASP needs to be targeted specifically to 

the cortical actin patches in order for the protein to participate in the cytoskeletal 

machinery. 

Fusion of CAAX box to WASP did not obviate the necessity for WIP in order for WASP 

to suppress the growth defects of the las17A strain. So apart from mediating localization 

of WASP to cortical patches, what are the other ways in which WIP influences WASP 

activity in the lasl7A strain? A possible role for WIP in the stabilization of WASP 

became apparent on comparing the expression of WASP in lasl7A cells both in the 

presence and absence of WIP. The expression of WASP was significantly higher in cells 

co-expressing WASP and WIP than in the cells expressing only WASP (Fig. 3.10A). This 

observation that the stability of WASP is improved in the presence of WIP is not 

restricted to the yeast system as similar findings have been reported in other model 

systems. In Caenorhabditis elegans, the expression of WSP-1 (C. elegans WASP) is 

lower in the organisms treated with RNAi for WIP-1 (C, elegans WIP) (Sawa and 

Takenawa, 2006). Moreover, during the last one year, 5 reports have demonstrated that 

the stabilization of WASP is mediated by WIP in mammalian cells and that in the 
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absence of WIP, WASP is rapidly degraded (Chou et al., 2006; Konno et al., 2007; 

Tsuboi, 2007; de la Fuente et al., 2007; Dong et al., 2007). However, in contrast to the 

stabilization of WASP by WIP, the stability of WIP is not enhanced significantly by the 

co-expression of WASP and WIP in S. cerevisiae lasl7A cells (Fig. 3.10B). Therefore, 

based on the results presented in this study and in the published literature, it is possible 

that human WASP is degraded by the proteases expressed in S. cerevisiae and binding 

with WIP protects WASP from degradation. 

Abolishing the interaction between WASP and WIP by deleting the WASP binding 

domain (WBD) of WIP (Table 3.3), also abolishes the ability of WASP to suppress the 

growth defects of lasl7A cells (Fig. 3.15). Moreover WASP is not stabilized by WIP1-403 

(Fig. 3.17). Deleting the WHl domain of WASP also abolished the interaction between 

WASP and WIP (Table 3.3) and the mutant WASP139-502 is unable to suppress the growth 

defects of lasl7A cells in the presence of WIP (Fig. 3.15). However, in contrast to the 

other case where WASP is not stabilized by WIP1-403, the lack of interaction between 

WASP139-502 and wild type WIP does not destabilize WASP139-502. On the contrary, 

W A S P I ~ ~ - ~ O ~  was stably expressed both in the presence and absence of WIP (Fig. 3.17). 

In human platelets, WASP is susceptible to proteolytic degradation by Calpain 

(Shcherbina et al., 2001). It has also been suggested that when WIP binds with the WH1 

domain of WASP, the WASP binding domain of WIP wraps around the WHl domain of 

WASP and thus protects WASP from Calpain mediated degradation (de la Fuente et al. 

2007). Therefore based on the data for WASP139-502 expression in S. cerevisiae cells, it 

can be inferred that the WHl domain of WASP is targeted by the proteases expressed in 
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S. cerevisiae. Deleting the WHl domain of WASP would thus hinder proteolytic 

degradation by the S. cerevisiae proteases. However, a S. cerevisiae homologue of human 

Calpain has not yet been identified, so the mechanism of degradation of WASP in S. 

cerevisiae is not clear. Targeted localization of WASP139-502 to the plasma membrane 

through fusion of the CAAX box does not enable WASP139-502-CAAX to suppress the 

growth defects of the lasl7A strain both in the presence and absence of WIP (Fig. 3.19). 

This suggests that the physical binding of WASP with WIP is essential than just 

stabilization or localization of WASP to the plasma membrane. 

4.2.3 Functional interaction between WASP and WIP 

From the data presented so far, it is clear that WASP and WIP work as a complex in 

suppressing the growth defects of the las17A strain. However, function of WASP-WIP 

complex in the lasl7A strain is unclear. Does the WASP-WIP complex perform a similar 

role as that of the Lasl7p-Vrplp complex in regulating the actin cytoskeleton in S. 

cerevisiae? In vitro studies have shown that the VCA domain of WASP promotes actin 

polymerization through the activation of the Arp213 complex (Yamaguchi et al., 2000). 

The VCA domain of WASP contains a KLKK motif which mediates interaction with 

actin and it also contains a DDW motif which mediates interaction with the Arp213 

complex (Pollard, 2007). If the VCA domain of WASP is deleted, the resulting construct, 

WASP1-~24 is unable to suppress the growth defects of lasl7A cells, even in the presence 

of WIP (Fig. 3.20). Similarly, mutating the DDW motif in the VCA domain also 

abolishes the ability of WASP to suppress the growth defects of the las17A cells (Fig. 

3.24). Deletion or mutation in the VCA domain has no effect on the stability of the 
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mutant WASP (Fig. 3.23, 27) or the localization to the cortical actin patches (Fig. 3.21-22, 

3.25-26). Although WASP does not require the VCA domain either for stability or 

localization, a functional VCA domain is essential for the activity of the WASP-WIP 

complex in suppressing the growth defects of the lasl7A strain. Since the function of the 

VCA domain is to activate the Arp213 complex, it can be inferred that the WASP-WIP 

complex promotes actin polymerization in S. cerevisiae, through the activation of the 

Arp213 complex. 

The ability of the WASP-WIP complex to suppress the growth defects of lasl7A cells, 

not only involves the VCA domain of WASP but also the V domain present in WIP. 

Deleting the V domain of WIP abolishes the interaction of WIP51-503 with actin but does 

not affect interaction with WASP (Table 3.5). WIP51-503 still localizes to the cortical 

patches (Fig. 3.29), stabilizes WASP (Fig. 3.31) and also mediates the localization of 

WASP to the cortical actin patches (Figs. 3.30, 32). However, co-expression of WASP 

and WIP51-503 does not suppress the growth defects of the lasl7A cells (Fig. 3.28). This 

suggests that the V domain of WIP is essential for the activity of the WASP-WIP 

complex, possibly by providing additional actin molecules to the complex for optimal 

actin polymerization. NMR studies have been used to map the binding region between 

the WASP-WHI domain and the WIP-WBD domain (Volkman et al., 2002), however, 

the orientation of WIP relative to WASP in the WASP-WIP complex is not clear. It is 

possible that in the WASP-WIP complex, WIP is oriented in a manner such that the C- 

terminal region of WIP containing the WBD domain is bound to the N-terminal region of 

WASP and the N-terminal region of WIP containing the V domain is facing the VCA 
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domain of WASP (Fig. 4.1). In vitro actin polymerization studies done to compare the 

efficiency of the VCA domains of WASP, N-WASP, WAVEI, WAVE2 and WAVE3 to 

promote actin polymerization have revealed that the VCA domain of N-WASP was most 

effective in activating the Arp213 complex (Yamaguchi et al., 2000). It was suggested 

that the presence of 2 V domains in N-WASP as compared to 1 V domain in WASP and 

WAVE1-3 could account for the higher activity of the VCA domain of N-WASP. 

Moreover, fusing an extra V domain to the WAVEI-VCA domain improved the activity 

of the WAVE1-VCA domain to the same level as that of the N-WASP-VCA domain 

(Yamaguchi et al., 2000). Therefore, it is possible that the V domain of WIP needs to be 

oriented such that it is in close proximity to the WASP-VCA domain in order for optimal 

activity of the WASP-WIP complex in suppressing the growth defects of the lasl7A cells. 

Additionally, the experiments done using the WIPAV (WIP51-503) constructs also indicate 

the possibility that mutations in WIP might also contribute to the clinical manifestations 

of WAS. There is at least one reported case of a patient with clinical presentation of 

WAS in the absence of detectable mutation on WASP (Konno et al., 2007) suggesting 

that in this patient, mutations in other proteins cause the disease. 

4.2.4 Is the activity of the WASP-WIP complex dependent on interaction with S. 

cerevisiae cytoskeletal proteins? 

Lasl7p interacts with SH3 domain containing proteins like Bzzlp, Hoflp, Myo3p, 

MyoSp and Rvs167p (Soulard et al., 2002; Naqvi et al., 2001; Evangelista et al., 2000; 

Lechler et al., 2000; Colwill et al., 1999). Most of these proteins are required for the 

viability of S. cerevisiae at restrictive temperature and in some cases, deletion of more 
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than one SH3 domain containing protein (Myo3p and Myo5p) is lethal to the cells (Geli 

et al., 1996; Goodson et al., 1996; Moseley and Goode, 2006). The interaction of WASP 

with the SH3 domain of Bzzlp, Hoflp, Myo3p7 MyoSp and Rvs167p was examined by 

Yeast Two Hybrid and found that WASP interacts with the SH3 domains of Hoflp, 

Bzzlp and MyoSp (Table 3.2). Similar to wild type WASP, WASP with deletion or 

mutation in the VCA domain also interacted with the SH3 domains of Hoflp, Bzzlp and 

MyoSp (Table 3.4). Hoflp is related to S. pombe Cdcl5 and human PSTPIPl (Ren et al., 

2005). Hoflp and its homologues are associated with cytokinesis in eukaryotic cells 

(Lippincott and Li, 2000). In S. cerevisiae cells Hoflp expression is cell cycle regulated, 

expression commences during anaphase and persists until the completion of cytokinesis 

(Vallen et al., 2000). Deletion of HOFI results in temperature sensitive growth defect at 

37°C and HOFI deletion in combination with the deletion of additional genes associated 

with cytokinesis like My01 is lethal to the cells (Vallen et al., 2000). Hoflp localizes to 

the bud neck and the localization of Hoflp is dependent on additional cytoskeletal 

proteins like Lasl7p, Vrplp and type I myosins (Thanabalu and Munn, 2001; Naqvi et al., 

2001). It is possible that WASP might play a similar role as that of Lasl7p in regulating 

the activity of Hoflp. 

The interaction of WASP with Bzzlp is interesting because, Bzzlp has been postulated to 

be the S. cerevisiae homologue of human Toca-1 (Moseley and Goode, 2006). In vitro 

actin polymerization studies carried out using purified recombinant cytoskeletal proteins 

have shown that WIP inhibits Cdc42 mediated activation of N-WASP (Martinez-Quiles 

et al., 2001). It was also reported recently that this inhibitory activity of WIP can be 
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neutralized by the addition of Toca-1 to the reaction mixture containing N-WASP, WIP 

and Cdc42 (Ho et al., 2004). In S. cerevisiae, deletion of BZZl has no obvious phenotype 

(Soulard et al., 2002) and both Lasl7p and Bzzlp lack Cdc42p binding domains. 

Therefore, it is unclear whether Bzzlp regulation of the WASP-WIP complex is similar 

to that of Toca-1 in mammalian cells. Since Bzzlp has been shown to interact with other 

cytoskeletal proteins through its SH3 domain (Soulard et al., 2002), it is possible that 

Bzzlp plays the role of an adaptor to mediate the interaction of the WASP-WIP complex 

with other S. cerevisiae cytoskeletal proteins. 

Both Vrplp and Lasl7p have been shown to interact with type I myosins like Myo5p 

(Evangelista et al., 2000). It is suggested that PxxxxPxxP (P- proline residue, x- any 

amino acid) present in both Vrplp (22 motifs) and Lasl7p (4 motifs) mediates binding 

with Myo5p (Evangelista et al., 2000). Pattern match analysis of the WASP protein 

sequence suggests that there are around 10 PxxxxPxxP motifs in WASP all of which are 

located between the residues 346-404. It is possible that in a manner similar to that of 

Lasl7p, the PxxxxPxxP motifs in WASP also mediate the interaction between WASP 

and the SH3 domain of Myo5p. Human WIP is also capable of binding with Myo5p 

(unpublished data from our lab) just like the binding of Vrplp with Myo5p. WIP has the 

actin binding V domain and Myo5p has the Arp213 complex activating CA domain 

(Ramesh et al., 1997; Moseley and Goode, 2006). Assuming that WIP and Myo5p are 

able to form a complex in S. cerevisiae, then why does expression of WIP alone in the 

lasl7A strain not suppress the growth defects in the strain? After all expression of WIP in 

vrplA strain is able to suppress the growth defects of the strain (Vaduva et al., 1999) 
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though it is unclear whether the activity of WIP in vrplA strain is mediated by any 

endogenous yeast cytoskeletal protein like Lasl7p or Myo5p. One possibility is that even 

though Myo5p possesses the Arp2/3 complex activating CA domain, it needs to be 

"activated" by WASP in order to utilize the CA domain to promote actin polymerization. 

Another possibility is that WASP, WIP and Myo5p form a complex and this complex 

would require the combined activity of the V domain of WIP, VCA domain of WASP 

and the CA domain of Myo5p in order to suppress the growth defects of the lasl7A strain. 

From the data presented in this study, the following model can be postulated for the 

activity of the WASP-WIP complex in las17A strain (Fig. 4.1). WIP localizes to the 

cortical actin patches of las17A cells. WASP is recruited to the cortical actin patches 

through its interaction with WIP. Binding of WIP with the WHl domain of WASP 

stabilizes WASP and protects it from proteolytic degradation. In the WASP-WIP 

complex, WIP could be oriented in a manner such that the V domain of WIP is in close 

proximity to the VCA domain of WASP. The activity of the WASP-WIP complex 

possibly involves the recruitment of the endogenous S, cerevisiae SH3 domain containing 

proteins, especially Myo5p which can bind with both WASP and WIP. The CA domain 

of Myo5p could also promote actin polymerization by working in tandem with the V 

domain of WIP and the VCA domain of WASP. Regardless of the exact mechanism of 

action of the WASP-WIP complex in S. cerevisiae las17A cells, the results presented in 

this study show that WASP and WIP function as a complex. Recent work from various 

laboratories also suggest that even in mammalian cells, WASP and WIP function as a 

complex and that one of the functions of WIP is to stabilize WASP (Chou et al., 2006; 
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unclear whether WASP needs , . to be . . activated , . ,  by S. cerevhiae Cdc42p as postulated in 
. . 

, . 
actin , . polymerization, experiments with WASP and, human Cdc42 - ,  (Higgs and Pollard, 

2000). Recent work in our lab employing fluorescence microscopy to analyze 

conformational changes in WASP in the presence of human Cdc42 has suggested that 

Cdc42 does not bring about any significant change in WASP confomtion (Lim et al., 

2007). 

WASP 
L 

Rgure 4.1 A working model for WASP-WIP activity. 

4.3 Functional analysis of Wiskott Aldrich Syndrome (WAS) mutations 

using S. cerevisiae lasl7A cells 

In the previous section, it was shown that WASP is able to suppress the growth defects of 

S. cerevisiae Iasl7A cells in the presence of WIP. WASP and WIP function as a complex 

and the activity of the complex requires the V d o m e  of WIP and the VCA domain of 

WASP. In this study, the effect of 52 WAS misspnse mutations on tbe activity of WASP 
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in suppressing the growth defects of lasl7A cells was examined. The missense mutations 

were individually generated in the plasmid pWASP by site directed mutagenesis to 

generate 52 plasmids encoding mutant WASP. The 52 plasmids were co-transformed 

with plasmid expressing WIP into the las17A strain IDY 166. The localization of the 

mutant WASP-GFP in the las17A cells was examined by fluorescence microscopy and 

the ability of the mutants to suppress the growth defects of the strain was examined in 

both a plate assay and liquid culture assay. 

4.3.1 Mutations in the WH1 domain cause severe defects in the activity of WASP- 

WIP complex in lasl7A cells 

Missense mutations in the WH1 domain cause the disease with varying degrees of 

severity. Among the 40 WH1 domain mutations, 14 mutations cause XLT, 15 mutations 

cause Classic WAS and 11 mutations cause either XLT or WAS depending upon the 

particular case (Table 3.7). The following 13 WH1 domain mutations abolished the 

ability of WASP to suppress the growth defects of the lasl7A cells: E3 lK, L35H, G40V, 

L46P, W64R, G70W, C73Y, I85T, TI1 IP, G125R, F128L, E133K and A134T (Figs. 

3.35-41; Table 3.7). The remaining 27 out of 40 mutations also affected the activity of 

WASP to a certain degree as evident from the liquid culture assay but the mutants were 

able to restore growth of the las17A cells in the plate assay (Figs. 3.35-41), so these I 

mutations are not as severe as the 13 mutations described earlier. 

Among these 13 WASP mutants which were unable to restore growth of the strain at 

37°C in the plate assay, WASP bearing the mutations W64R, G70W, T11 lP, G125R or 
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F128L were extremely unstable and they did not localize to the cortical patches even at I 

24°C (Fig. 3.53; Table 3.7). Incidentally, all the 5 mutations (W64R, G70W, T l l l P ,  ~ 
G125R or F128L) cause the severe form of the disease, Classic WAS. It is possible that 

l 1  

these mutations could inherently make WASP unstable or they could affect the I 
I 

interaction of WASP with WIP and thus leading to loss of stability. The following 6/13 

mutations E3 lK, L35H, L46P, C73Y, I85T and A134T did not affect the localization of 

mutant WASP to the cortical patches at 24OC but abolished localization at 37OC even 

though the proteins were expressed at 37OC (Table 3.7; Fig. 3.54). A possible explanation 

for why the 6 mutations affect the activity of WASP was provided on examining how the 

A134T mutation affected WASP-WIP interaction. It has been reported earlier that 

introducing the A134T mutation in WASP   WASP^'^^^) abolishes WASP-WIP 

interaction (Stewart et al., 1999). The interaction between  WASP^'^^^ and WIP was 

examined using Yeast Two Hybrid and GST pull down assays. The results of the Yeast 

two Hybrid and pull down experiments were contradictory,  WASP^'^^^ interacted with 

WIP in the Yeast Two Hybrid but no interaction between  WASP^'^^^ and WIP could be 

detected in the pull down assay (Fig. 3.55). It is possible that there is weak interaction 

between  WASP^'^^^ and WIP, which can be detected in the Yeast Two Hybrid assay but 

the interaction is not strong enough to be visualized using the pull down assay. The weak 

interaction between WASP A134T and WIP would also account for the localization of 

 WASP^'^" to the cortical patches at 24OC but under stringent conditions (37OC), the 

mutant is unable to suppress the growth defects of the strain even though it is expressed 

at 37°C. 
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4.3.2 Mutations outside the WH1 domain do not significantly affect WASP activity 

in lasl7A cells 

Among the 12 C-terminal region mutations examined, the mutations causing Classic 

WAS are all located in the proline rich region (P359T and P373S) and the VCA domain 

(P459S, K476E and D485N). The rest of the mutations in the VCA domain (R477K and 

I481N) and the mutations in the Basic region (G187C and A236E) cause XLT. It is 

unclear why the mutations in the Basic region, proline rich region or VCA domain cause 

the disease. It is possible that these mutations cause conformational changes in the 

protein which might affect the activity of the protein or the interaction with other 

cytoskeletal proteins. However, almost all of the 12 C-terminal region mutations had no 

effect on the activity of WASP in suppressing the growth defects of the las17A strain 

(Figs. 3.42-43; Table 3.7) and the mutant WASP were also able to localize to the cortical 

patches (Figs. 3.51-52; Table 3.7).The only exception was for the mutation D485N, as 

las17A strain expressing  WASP"^^* grew at a slower rate than the other mutants in the 

liquid culture assay though the strain was able to grow as well as the others in the plate 

assay. The D485N mutation lies in the VCA domain of WASP and among the C-terminal 

region mutations, this particular mutation affects patients with the most frequency, 2 

cases with Classic WAS and 1 case with XLT have been reported (Imai et al., 2003). It is 

possible that the missense mutations in the Basic region, proline rich region and the VCA 

domain affect the activity of WASP only in human cells but these mutations are not 

severe enough to compromise the activity of the mutant protein in S. cerevisiae lasl7A 

cells. 
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Among the 12 C-terminal region mutations, 3 mutations are located in the GBD domain 

of WASP: L270P and I294T which cause XLN and M307V which causes XLT. Mutant 

WASP bearing these mutations suppressed the growth defects of the lasl7A strain in the 

presence of WIP (Fig. 3.42; Table 3.7) and the mutants also localized to the cortical 

patches in the presence of WIP (Fig. 3.5 1; Table 3.7). It is suggested that the L270P and 

I294T mutations in the GBD domain destabilize the inactive conformation in WASP and 

thus making the mutant WASP constitutively active. In vitro actin polymerization studies 

have shown that mutant WASP bearing the L270P  WASP^^^") mutation is able to 

promote actin polymerization even in the absence of Cdc42 (Devriendt et al., 2001). In 

the same assay, it was also shown that wild type WASP was able to promote actin 

polymerization to the same extent as the mutant, only in the presence of Cdc42 

(Devriendt et al., 2001). This suggests that all the manifestations associated with XLN are 

caused due to unrestricted actin polymerization carried out by WASP having the L270P 

and I294T mutations. Expression of the constitutively active mutant  WASP^^^^^ in 

las17A strain suppresses the growth defects of the strain only in the presence of WIP (Fig. 

3.12).  WASP"^'^ is also unable to localize to the cortical actin patches on its own and it 

requires WIP to mediate localization to the cortical patches (Fig. 3.13). Targeted 

L270P localization of WASP to the plasma membrane by fusion of the CAAX box also does 

not obviate the necessity for WIP in order for  WASP^^^^^ to suppress the growth defects 

of the las17A strain (Fig. 3.14). These findings suggest that even though mutations 

causing XLN might possibly make WASP constitutively active in vitro, the mutant 

WASP still requires the presence of WIP to suppress the growth defect of las17A cells. 

As suggested in the WASP-WIP model (Fig. 4.1), the V domain of WIP regulates the 
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activity of the VCA domain of WASP possibly by providing additional actin molecules. 

This could hold true even for constitutively active WASP. It is not clear why the M307V 

mutation causes XLT rather than XLN even though it is located within the GBD domain. 

One possibility is that the M307V mutation which is located at the very fringe of the 

GBD domain (encompassed by the residues 242-309), does not make WASP 

constitutively active and therefore causes XLT instead of XLN. 

4.4 Functional analysis of Lasl7p-Vrplp interaction 

4.4.1 The VCA domain of Lasl7p is redundant for rescuing the defects of las17A 

strain 

Lasl7p shares a similar domain structure as that of WASP, a WHl domain at the N- 

terminal region and the VCA domain at the C-terminal region, but lacks a GTPase 

binding domain (GBD) (Moseley and Goode, 2006). In mammalian cells like monocytes, 

deletion of the VCA domain affects the ability of the cells to form phagocytic cups 

(Tsuboi and Meerloo, 2007). However in yeast cells, the VCA domain of Lasl7p is 

possibly redundant with the rest of the domains in the protein. Expression of N-Lasl7pl. 

368 (N-terminal region of Lasl7p) rescued the growth defects of the strain and also 

restored endocytosis and actin patch polarization in the lasl7A cells to the same extent as 

that of full length Lasl7p (Fig. 3.57-59). Interestingly, expression of C - L a ~ 1 7 p ~ ~ ~ - ~ ~ ~  

which comprises of the Arp213 complex activating VCA domain, failed to rescue any of 

the defects in the mutant strain (Figs. 3.57-59). N - L a ~ 1 7 p ~ - ~ ~ *  localized to the cortical 

patches of the cells at both 24°C and 37°C but C - L a ~ 1 7 p ~ ~ ~ - ~ ~ ~  failed to localize to the 

cortical patches even at 24OC though its expression was comparable to that of N-Las17pl- 
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368 (Fig. 3.60-61) suggesting that the localization motif which mediates Lasl7p 

localization to the cortical patches is located in the N-terminal region of the protein. 

These findings indicate that Lasl7p promotes actin polymerization through its VCA 

domain as well as through its binding partners. Testing for N - L a s 1 7 ~ ~ - ~ ~ ~  interaction with 

S. cerevisiae cytoskeletal proteins suggests that it interacts with Vrplp, Bzzlp, Hoflp, 

Myo5p and Rvs167p (Table 3.10). It is possible that the activity of N - L a ~ 1 7 p ~ - ~ ~ ~  could 

be mediated by these cytoskeletal proteins. 

4.4.2 The N-terminal region of Lasl7p functions through interaction with Vrplp 

TL A mutant, N - L a ~ 1 7 p ~ - ~ ~ ~  was isolated which had the missense mutations L80T and 

H94L. Expression of N-Las17P1-368TL failed to rescue the growth defects of the las17A 

strain at 37OC and restored endocytosis and actin patch polarization only at 24OC (Figs. 

3.64-66). The expression of ~ - ~ a s l 7 ~ ~ . ~ ~ ~ ~ ~  was comparable to that of the wild type 

protein and the mutant localized to the cortical patches at both 24°C and 37°C though 

there were fewer patches at 37OC as compared to 24OC (3.67-68B). Over-expression of 

~ - ~ a s l 7 ~ 1 - 3 6 8 ~ ~  from a high copy plasmid (2p) suppressed the growth and endocytosis 

defects but restored actin patch polarization only at 24OC (Figs. 3.73, 75-76). These 

findings suggest that the loss in activity of ~ - ~ a s l 7 ~ 1 - 3 6 8 ~ ~  is not due to lack of adequate 

expression but due to other factors. 

Lasl7p has been shown to interact with many cytoskeletal proteins like Vrplp, Bzzlp, 

Hoflp, Myo3p, Myo5p and Rvs167p (Naqvi et al., 1998; Soulard et al., 2002; Naqvi et 

al., 2001; Evangelista et al., 2000; Lechler et al., 2000; Colwill et al., 1999). N-Las17pl- 
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368was able to interact with Vrplp, Hoflp, Bzzlp and Rvs167p in the Yeast Two Hybrid 

assay. The two mutations in ~ - ~ a ~ l 7 ~ ~ - ~ ~ ~ ~ ,  LSOT and H94L fall within the region 

which has been shown to mediate the interaction of Lasl7p with Vrplp (Lechler et al., 

200 1) (Fig. 3.77). Therefore, interaction of N-Las 1 7P1-368TL with the Vrp 1 p was examined 

in a pull down assay and found that N - L ~ s I ~ ~ ~ - ~ ~ ~ ~ ~  did not interact with Vrplp whereas 

the wild type protein could (Fig. 3.78A). These findings suggest that the activity of N- 

~ a s l 7 ~ ~ - ~ ~ ~ ~ ~  was compromised due to lack of binding with Vrplp. 

4.4.3 Vrplp promotes the formation of Vrplp-Lasl7p-Myo5p complex 

Type I myosins (Myo3p and Myo5p) are unconventional myosins which possess the 

Arp213 complex activating CA domain at their C-terminal region (Brown 1997; Geli et 

al., 2000). Lasl7p and Vrplp interact with the type I myosin and it is suggested that this 

interaction is mediated through the PxxxxPxxP motifs (4 in Lasl7p and 22 in Vrplp) 

(Evangelista et al., 2000). The presence of a larger number of PxxxxPxxP motifs in 

Vrplp as compared to Lasl7p suggests that Vrplp could bind with a larger fraction of 

type I myosin than Lasl7p but there is no experimental evidence to prove this. 

Abolishing the interaction between Lasl7p and the type I myosins causes defects in 

growth and actin patch polarization in yeast cells (Evangelista et al., 2000). It is possible 

that the type I myosins work as a complex with Lasl7p in regulating cytoskeleton 

especially since they possess a CA domain. Interestingly, the 4 PxxxxPxxP motifs in 

Lasl7p which are postulated to mediate binding between Lasl7p and type I myosins are 

all located within the N-terminal region of the protein. The interaction of N - L a s l 7 ~ , - ~ ~ ~  
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l 

and ~ - ~ a s l 7 ~ l - ~ 6 g ~ ~  with the SH3 domain of Myo5p was examined in a pull down assay, 
I 

which showed that both the wild type protein and the mutant interacted with Myo5p-SH3 

(Fig. 3.78B). However, N-Las17pl-368 interacted with a larger fraction of Myo5p-SH3 as 

compared with the mutant, N - L ~ S  1 7Pl -36gTL. N - L ~ S  1 7P 1 -36gTL interacts with a lesser 

fraction of Myo5p-SH3 possibly due to two reasons. One reason could be that the 

mutations may cause a drastic conformational change in N - ~ a s l 7 ~ 1 - 3 6 8 ~ ~  which in turn 
I 

I 

i 
i I 

affects direct binding with Myo5p-SH3. The second reason could be that the lack of 
I , I  

interaction between N- as 1 7P1 -36gTL and Vrp l p  in turn affects interaction between N- 
1 

~ a s l  7pl-368rL and Myo5p-SH3. The second reason seems more plausible since, the WH1 

i 
I 
I 

domain of Las l7p (N-Las 1 7 ~ ~ - ~ ~ ~ )  interacts with Myo5p-SH3 in a pull down assay even 
I 

though this fragment lacks any PxxxxPxxP motifs (Fig. 3.80). Yeast Two Hybrid testing I 
I 

showed that there is no direct binding between and Myo5p-SH3 (Table I 

3.1 1, the results need to be verified by performing a pull down assay with purified 

components). These results suggest that Vrp l p  plays a significant role in the formation of 

Vrp lp-Las l7p-Myo5p complex. Thus, a complex formed by N-Las 17p I -368 and Vrp l p  

would be able to bind with 26 molecules of Myo3pI Myo5p (4 molecules for Lasl7p and I 

22 molecules for Vrp lp). This would in theory provide the N-Lasl 7pl -368-Vfp 1 p complex 

with 26 Arp213 complex activating CA domains (Fig. 4.2) while the mutant, N-Las17pl- 
I 
I I 

368TL has access to only 4 molecules of type I myosins through direct binding. This I I 

limited binding of type I myosins with ~ - ~ a ~ l 7 ~ ~ - ~ ~ ~ ~ ~  could be enough to restore ~ 
I 

endocytosis and actin patch polarization in Ias17A cells at 24OC but not sufficient to I 
rescue the defects of the strain at 37°C. Interaction with Vrplp is also essential for the 

I 

activity of full length Las l7p because, Lasl 7pTL which does not interact with Vrplp (Fig. 
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3.105) is unable to restore actin patch mlarization at 37OC (Fig. 3.104) even though it 

possesses the VCA domain. 

Figure 4.2 Vrplp mediates Lasl7p interaction with a larger fraction of Myo5p molecules. 

l r j l  Lasl7p has 4 Myo5p binding motifs for direct interaction with Myo5p while Vrplp has 22 Myo5p 

<?4:i#pb?f binding motifs. The Lasl7pVrplp complex could possibly bind with 26 Myo5p molecules. 
I, .. < 

h e  WHl domain of Lasl7p (N-Las17pl-2~) is capable of interacting with Myo5p and 

this interaction is mediated by Vrplp. Based on the pull down assay of N - L a s 1 7 ~ ~ - ~ ~ ~  and 

~ - ~ a s l 7 ~ 1 - 3 ~ ' ~  with Myo5p-SH3, we can conclude that N - L a ~ l 7 p ~ . ~ ~  interacts with a 

larger fraction of MyoSp through its binding with Vrplp rather than by direct binding 

with Myo5p. Does this mean that the MyoSp binding sites located on N-Las17pl-368 are 

rednmht? The #%Fl domain of h17p @ - L a ~ l ? p ~ . ~ ~ )  lacks the MyoSp binding motifs 

but is still capdl6 of binding with Mp5p though its interaction with Vrplp. Expression 

of Nhst7pIJm s q n a s h  the &mkth defdcts of h I 7 A  cells and also restored 
,A + **A, 

dadmytosis srPd &thisp&h pb1-dn Bt 24OC but not at 370C (Figs. 3.81-83). 'These 
" * % " t i  Y . .  I / .  

' I  .'LIPil th;j;&ty'~L&*h-& M&, & h * ~ ~ . h  Mi the 
c b , a + l , ;  * , ;  

??; ' ,; ";$. < - < b  r ,* 
defects of l m l 7 ~  cells requires'&& l4kl'dnnain and &e the& motifs which 
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are all located outside the WHI domain. Why are the MyoSp binding motifs essential for 

the activity of N-Lasl7pl-206 when it has access to a larger fraction of Myo5p through 

interaction with Vrplp? An obvious possibility is that N-Las17pl-368 needs to bind with 

the maximum number of MyoSp molecules via both direct and indirect interaction in 

order to suppress the cytoskeletal defects in las17A cells. This was substantiated by the 

observation that deletion of the proline rich regions in N - L a ~ 1 7 p ~ - ~ ~ ~  affects restoration of I 
l 1  

actin patch polarization in lasl7A cells at 37OC (Fig. 3.93A). 
I 

I 
I 

4.4.5 Activity of the VCA domain is necessary at the initial stages of actin patch 

assembly 

The N-terminal region of Lasl7p ( N - L a s l 7 ~ ~ - , ~ ~ )  is capable of complementing the 

deficiency of full length Lasl7p in las17A cells (Figs. 3.57-59). The activity of N- 

L a ~ 1 7 p ~ - ~ ~ ~  possibly involves interaction with type I myosins both by direct and indirect 

binding. The VCA domain of Lasl7p (residues 528-633) consists of the CA region which 

binds and activates the Arp213 complex and the V domain which has the actin binding 

KLKK motif (Moseley and Goode, 2006). Is the VCA domain necessary for the activity 

of full length Lasl7p? The N-terminal mutant, ~ - ~ a s l 7 ~ 1 - 3 6 8 ~  does not suppress any of 

the defects of the lasl7A strain at 37OC (Figs. 3.64-66). In contrast to ~ - ~ a s l 7 ~ 1 - 3 6 8 ~ ~ ,  the 

full length mutant, ~ a s l 7 ~ ~ ~  restores growth and endocytosis at 37°C though actin 

patches are still depolarized at 37OC (Figs. 3.100, 103-104). If the VCA domain is 

directly fused to N-Las17P1-368TL, the recombinant protein N-Lasl 7 P ~ - 3 6 g T L ~ ~ ~  behaves 

like Las 17pTL as it is able to suppress the defects of lasl7A cells except for restoring actin 

patch polarization at 37OC (Figs. 3.1 11-1 13). Additionally, if the VCA domain is deleted 
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from full length ~ a s l 7 ~ ~ ~  ( ~ - ~ a s l 7 ~ , - 5 2 7 ~ ~ ) ,  it is able to partially suppress the growth 

defects but not the endocytosis and actin patch polarization defects at 37OC (Figs. 3.106, 

109-1 10). These findings suggest that improved activity of ~ a s l  7pTL as compared to N- 

~ a s l 7 ~ ~ - ~ ~ ~ ~ ~  is mainly due to the VCA domain and that there is limited contribution by 

the segment between the N-terminal region and the VCA domain (residues 369-527) at 

least for suppressing the defects in endocytosis and actin patch polarization. Therefore, 

the VCA domain is essential for the activity of full length Lasl7p and it possibly has a 

redundant role with that of interaction of Lasl7p with Vrplp and Myo5p. The VCA 

domain of Las 17p may also be associated with assembly and maturation of actin patches. 

The assembly of actin patches takes place in 3 stages: early recruitment or non motile 

stage followed by the intermediate stage of slow patch motility and finally the fast patch 

motility stage concomitant with the disassembly of the endocytic coat (Kaksonen et al., 

2003). The motility of the actin patch components was studied by live cell imaging 

techniques and found that the recruitment of patch components takes place in an orderly 

fashion (Kaksonen et al., 2003 and 2005; Jonsdottir and Lee, 2004; Newpher et al., 2006; 

Sun et al., 2006 and 2007; Toshima et al., 2006; Okreglak and Drubin, 2007). Lasl7p is 

among the first proteins to be recruited to the putative actin patch along with another NPF, 

Panlp (Kaksonen et al., 2003). The other NPFs like Myo3p, Myo5p and Abplp are 

possibly recruited to the actin patches at the intermediate stage of assembly (Kaksonen et 

al., 2003; Jonsdottir and Lee, 2004). Vrplp appears at the patches only after the 

recruitment of Lasl7p but before the appearance of MyoSp (Sun et al., 2006). This 

suggests that Vrplp possibly mediates the recruitment of Myo5p to the actin patches even 

though Myo5p is capable of binding directly with Las17p. During the intermediate stage 
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of patch assembly, actin patches display random movement along the plasma membrane 

cortex which is dependent on actin polymerization (Kaksonen et al., 2003) initiated by 

the type I Myosins. In addition to the type I Myosins, Lasl7p and Panlp also possibly 

play a major role in the motility of the patch during the intermediate stage. 

Based on the results discussed so far, it is apparent that in order for Lasl7p to rescue the 

defects of the lasl7A strain, maximum activity is necessary for restoration of actin patch 

polarization at 37OC, followed by that for restoration of endocytosis at 37OC and viability 

at 37°C. Lastly, restoration of actin patch polarization and endocytosis at 24OC requires 

minimum activity from Las 17p. A model can thus be proposed for the activity of Las 17p 

in restoring endocytosis and actin patch polarization in lasl7A cells (Fig. 4.3). Lasl7p is 

able to restore actin patch polarization at 37OC only if it forms a complex with Vrplp 

irrespective of the activity of its own VCA domain. Restoration of endocytosis at 37OC is 

not as stringent as that of restoration of actin patch polarization at the same temperature. 

Thus Las17p need not function as a complex with Vrplp and is capable of employing its 

VCA domain for rescuing the endocytosis defect at 37OC. Restoration of endocytosis and 

actin patch polarization at 24OC requires minimum activity, Lasl7p neither needs to form 

a complex with Vrplp nor does it have to utilize its VCA domain. Instead, Lasl7p can 

possibly rescue the defects at 24OC through direct binding with type I myosins like 

MyoSp. 
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4.5 Conclusion 

I have used S. cetevisiae lasl7A strain for hctional analysis of mammalian WASP as 

well as the yeast WASP (Lasl7p). Using this strain, I was able to show that mammalian 
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WASP and WIP work as a complex in suppressing the growth defect of the strain. This is 

in contrast to published data which suggests that WIP keeps WASP in an inactive state. I 

was also able to show that the V domain of WIP and the VCA domain of WASP are both 

essential for the WASP-WIP complex to rescue the growth defects of las17A cells. The 

Wiskott Aldrich Syndrome (WAS) missense mutations in the VCA domain of WASP do 

not have any significant effect on WASP activity in las17A cells. However, a number of 

mutations in the WH1 domain abolished the ability of WASP to rescue the growth 

defects of lasl7A cells, emphasizing the importance of WASP-WIP interaction. The yeast 

WASP, Lasl7p functions similar to WASP by forming a complex with yeast WIP, Vrplp 

for rescuing the defects of lasl7A cells. However, in contrast to WASP, the VCA domain 

of Lasl7p is essential only under conditions when Lasl7p is unable to from a complex 

with Vrplp. The activity of the WASP-WIP complex and the Lasl7p-Vrplp complex 

probably involves contribution from other S. cerevisiae cytoskeletal proteins, especially 

the type I myosins. There are many similarities and also differences in the activity of 

WASP and Lasl7p in lasl7A cells and our data has given valuable insight regarding how 

some of the constructs suppress the cytoskeletal defects of the mutant strain. On 

comparison of the biological activity of the human and yeast proteins, we find that the 

WASP-WIP complex is only able to suppress the growth defects of the lasl7A strain but 

the defects in endocytosis and actin patch polarization are not rescued. This further 

substantiates the observation that it is possible to rescue the growth defect without 

rescuing other cytoskeletal defects of the strain (Thanabalu and Munn, 2001). 

Alternatively, it is also possible that there is partial complementation of the endocytosis 

and actin polarization defects which is below the detection limit of the assays but is 
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sufficient to allow growth at restrictive temperature. The difference in the activity 

between WASP and Lasl7p could also be due to differences in the interaction of these 

proteins with other S. cerevisiae cytoskeletal proteins. Interestingly, the number of 

putative Myo5p binding motifs in the WASP-WIP complex and the Las l7p-Vrp 1 p 

complex is similar with 26 Myo5p binding motifs in the Lasl7p-Vrplp complex and 25 

Myo5p binding sites in the WASP-WIP complex. It is likely that not all the predicted 

sites mediate interaction with Myo5p and it is also possible that the physical interaction 

may not translate into biological activity. Further experiments need to be performed to 

examine the biochemical activity of human WASP in promoting actin polymerization in 

the presence of S. cerevisiae cytoskeletal proteins. This would also give us a better 

understanding of the functions of their human homologues. 

Not withstanding the difference in the level of activity between WASP and Lasl7p in S. 

cerevisiae las17A cells, the fundamental conclusion in this study that WASP and WIP 

work as a complex has been substantiated by publications from other laboratories 

working on mammalian cells (Chou et al., 2006; Konno et al., 2007; Tsuboi, 2007; de la 

Fuente et al., 2007; Dong et al., 2007). Further studies along this line would lead to a 

better understanding of the molecular mechanism of actin polymerization and would 

enable better therapeutic strategies for alleviating the symptoms of Wiskott Aldrich 

Syndrome. 
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pWASPK""' YEplacl12 with WASP (targeted mutation R138P) This study 

 WASP^"^^ YEplacll2 with WASP (targeted mutation G187C) This study 

p ~ ~ ~ ~ A 2 3 6 E  YEplacl12 with WASP (targeted mutation A236E) This study 

p ~ ~ ~ ~ L 2 7 0 P  YEplac112 with WASP (targeted mutation L270P) This study 

 WASP"^^^ YEplac112 with WASP (targeted mutation I294T) This study 

p ~ ~ ~ ~ M 3 0 7 V  YEplacl12 with WASP (targeted mutation M307V) This study 

 WASP"^^^ YEplac112 with WASP (targeted mutation P359T) This study 

p ~ ~ ~ ~ P 3 7 3 S  YEplacl12 with WASP (targeted mutation P373S) This study 

p ~ ~ ~ ~ " 5 y S  YEplac112 with WASP (targeted mutation P459S) This study 

p ~ ~ ~ ~ p 4 7 6 E  YEplacl12 with WASP (targeted mutation P476E) This study 

p ~ ~ ~ ~ R 4 7 7 K  YEplacl12 with WASP (targeted mutation R477K) This study 

 WASP'^"^ YEplacl12 with WASP (targeted mutation I481N) This study 

p ~ ~ ~ ~ D 4 8 5 N  YEplacl12 with WASP (targeted mutation D485N) This study 

PWIP YCplacl 1 1 with full length WIP This study 

p WIPAV YCplacl 1 1 with WIP (residues 5 1-503) This study 

pWIPAWBD YCplacl 1 1 with WIP (residues 1-403) This study 

p WIP-GST YCplacl 1 1 with full length WIP-GST This study 

pLG 1 YCplacll 1 with GFP This study 

pTG 1 YCplac22 with GFP This study 

PUG l YCplac33 with GFP This study 

pLG1-CAAX YCplacl 1 1 with GFP-CAAX This study 

pLG2 YCplacl 1 1 with GST This study 

pArc4Op-RFP YCplac33 encoding HIS3 and Arc40p-RFP This study 
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This study 

This study 
i 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 
- 

This study 

This study 

This study 

This study 

pVrp lp-GFP 

p-Las 17p 

p-Las 1 7pTL 

pLasl7p1-527 

P L ~  17~1.527~~ 

P C - ~ ~ S  l713370-633 

PN-Las 17~1-368 

PN-L* l7p1-36gT 

p ~ - ~ a s l 7 ~ 1 - 3 6 8 ~  

P N - L ~ ~ ~ P I - ~ ~ ~ "  

~ H C - N - L ~ S  1 7p1.368n 

PN-La 17~1.350 

PN-Lasl7Pl-339 

PN-Las 1  PI-322 
PN-Lasl 7~1-294 

l7p1-206 

P N - L ~ ~  17~1-206" 

PN-Las 17~207.368 

pN-Las 17p-VCA 

pN-Las 1 7pLL-VCA 

PC-Vrplp-HisT 

pTMyoSp(SH3)-HisT 

pWASP-GFP 

pWASP-GFP-CAAX 

~WASP"~-GFP 

pWASPAWH1 -GFP 

pWASPAVCA-GFP 

~ W A S P ~ ~ ' - G F P  

~ W A S P ~ ~ ' ~ - G F P  

~ W A S P ~ ~ ~ ~ - G F P  

pWASPL3"-GFP 

YCplac22 with Vrplp-GFP 

YCplac33 with full length Lasl7p 

YCplac33 with full length Las17pTL 

YCplac33 with Lasl7p (residues 1-527) 

YCplac33 with Las17pTL (residues 1-527) 

YCplac33 with Lasl7p (residues 370-633) 

YCplac33 with Lasl7p (residues 1-368) 

YCplac33 with Las17pT (residues 1-368) 

YCplac33 with Las17pL (residues 1-368) 

YCplac33 with Las17pn (residues 1-368) 

YEplac195 with ~ - ~ a s 1 7 ~ ~ . ~ ~ ~ ~  

YCplac33 with Lasl7p (residues 1-350) 

YCplac33 with Lasl7p (residues 1-339) 

YCplac33 with Lasl7p (residues 1-322) 

YCplac33 with Lasl7p (residues 1-294) 

YCplac33 with Las l7p (residues 1-206) 

YCplac33 with Las 1 7pn (residues 1-206) 

YCplac33 with Lasl7p (residues 207-368) 

YCplac33 with Lasl7p (residues 1-368 fused with residues 528- 

63 3) 

YCplac33 with Las17pIL (residues 1-368 fused with residues 

528-633) 

YCplacll 1 with Vrplp (residues 364-817) fused with His tag 

YCplac22 with Myo5p (residues 1085-1219) fused with His tag 

YEplac112 with WASP-GFP 

YEplacl12 with WASP-GFP-CAAX 

YEplacl12 with  WASP^"-GFP 
YEplacl12 with WASPAWHI-GFP 

YEplac112 with WASPAVCA-GFP 

YEplac112 with WASP~~'-GFP -- 
YEplac112 with WASP'~'~-GFP 

YEplac112 with W A S P ~ ~ ~ ~ - G F P  

YEplacl12 with W A S P ~ ~ ~ ~ - G F P  
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~ W A S P ~ ' ~ ~ ~ - G F P  YEplacl12 with WASPb125K-GFP This study 

~ W A S P ~ ' ~ ~ ~ - G F P   YE^ - This study 

~ W A S P ~ ' ~ ' ~ - G F P  YEplacl12 with WASP"'~'~-GFP This study 

~ W A S P ~ ' ~ ~ ~ - G F P  YEplacl12 with WASP~ '~ '~-GFP This study 

~ W A S P ~ ' ~ ~ ~ - G F P  YEplacll2 with W A S P ~ ' ~ ~ ~ - G F P  This study 

~ W A S P ~ ' ~ ~ ~ - G F P  YEplacl12 with W A S P ~ ' ~ ~ ~ - G F P  This study 

p ~ ~ ~ ~ b ' 8 7 C - ~ ~ ~  YEplacll2 with W A S P ~ ' ~ ~ ~ - G F P  This study 

~WASP"~~'-GFP YEplacl12 with W A S P ~ ~ ~ ~ ~ - G F P  This study -- - 
This study 

~ W A S P " ~ ~ ~ - G F P  YEplacl12 with WASP"~~~-GFP This study 

~ W A S P ~ O ~ - G F P  YEplacl12 with W A S P ~ ~ O ~ - G F P  This study 

~ W A S P ~ ~ " - G F P  YEplacl12 with W A S P ~ ~ ~ ~ ~ - G F P  This study 

p W A S P ~ ~ ~ ~ ~ - G F P  YEplacll2 with W A S P ' ~ ~ ~ ~ - G F P  This study 

~ W A S P " ~ ~ ~ - G F P  YEplacl12 W ~ ~ ~ W A S P " ~ ~ ~ - G F P  This study 

~ W A S P " ~ ~ ~ - G F P  YEplacl12 with W A S P ~ ~ ~ ~ ' - G F P  This study 

~ W A S P ~ ~ ~ ~ ~ G F P  YEplacl12 with W A S P ~ ~ ~ ~ ~ - G F P  This study 

p ~ ~ ~ ~ ' 4 8 1 N - ~ ~ ~  YEplacl12 with WASP'~"~-GFP This study 
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pN-Las 1 ~ P ~ . ~ ~ ~ - G F P  

pN-La 1 ~ P ] . ~ ~ ~ - G F P  

pN-La 1 

pN-La 1 

pN-Las 1 7pl.206-GFP 

pN-LB 1 7pl.2061L-GFP 

pN-Las 17p207-~~~-GFP 

pN-Las 17p-VCA-GFP 

p ~ - ~ a s  1 ~ P ~ ~ - V C A - G F P  

PA-WASP 

p ~ - ~ ~ ~ ~ A 1 3 4 T  

p ~ -   WASP"^^^ 
p ~ - ~ ~ ~ ~ " A  

PA-WASPAWHI 

PA-WASPAVCA 

PA- WIP 

PA-Myo3p(SH3) 

PA-MyoSp(SH3) 

PA-Hofl p(SH3) 

PA-Bzz 1 p(SH3) 

PA-Rvs 167p(SH3) 

YCplac33 with N - L ~ S ~ ~ ~ ] - ~ ~ ~ - G F P  

YCplac33 with N - L ~ ~ ~ ~ P ~ - ~ ~ ~ - G F P  

YCplac33 with N-Las17pl.322-GFP 

YCplac33 with N - L ~ S ~ ~ ~ ~ . ~ ~ ~ - G F P  

YCplac33 with N - L ~ S ~ ~ ~ ~ . ~ ~ , - G F P  

YCplac33 with N - L ~ ~ I ~ ~ ] . ~ ~ ~ ~ ~ - G F P  

YCplac33 with N-LB17p207.368-GFP 

YCplac33 with N-Las 17p-VCA-GFP 

YCplac33 with N- as 1 ~ P ~ ~ - V C A - G F P  

pACT2 with WASP 

pACT2 with  WASP^^^^^ 
pACT2 with  WASP^^^^' 
pACT2 with  WASP"^ 
pACT2 with WASPAWH 1 

pACT2 with WASPAVCA 

pACT2 with WIP 

pACT2 with Myo3p (residues 11 18-1 188) 

pACT2 with MyoSp (residues 1085-1219) 

pACT2 with Hoflp (residues 551-669) 

pACT2 with Bzzlp (residues 494-663) 

pACT2 with Rvs167p (residues 423-482 ) 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 
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~ ~ - ~ ~ p l ~ 3 6 4 - 8 1 7  

PA-Las 17p 

PA-Las I 7pTL 

pA-N-Las 1 7 ~ ~ ~ 3 ~ ~  

p ~ - ~ - ~ a s  I 7pl-368n. 

PA-N-Las 17pl.206 

~ ~ - ~ - L ~ ~ ~ ~ 2 0 7 - 3 6 8  

pB-WASP 

p ~ - ~ ~ ~ ~ A ' 3 4 T  

p ~ - ~ ~ ~ ~ L 2 7 0 P  

p ~ - ~ ~ ~ ~ A A A  

pB-WASPAWHI 

pB-WASPAVCA 

pB- WIP 

pB-Myo3p(SH3) 

pB-MyoSp(SH3) 

pB-Hof 1 p(SH3) 

pB-Bzz lp(SH3) 

pB-Rvs 167p(SH3) 

pB-Act 1 p pAS2-I with Actlp This study 

~ ~ - ~ ~ p l ~ 3 6 4 - 8 1 7  pAS2-1 with Vrplp (residues 364-817) This study 

pB-Lasl7p pAS2-1 with Lasl7p This study 

p ~ - ~ a s  1 7pTL pAS2-1 with ~ a s l 7 ~ ~ ~  This study 

PB-N-La 1 7 ~ ~ - ~ ~ ~  pAS2-I with N-LCIS17pl-368 This study 

p ~ - ~ - ~ a s  1 7 ~ ~ . ~ ~ 8 ~  pAS2-1 with ~ - ~ a s 1 7 ~ ~ . ~ ~ ~ ~  This study 

pB-N-Las 17p1-234 pAS2-1 with N-Las 1 7 ~ 1 - 2 ~ ~  This study 

pB-N-Las 17~1-206 pAS2-I with N - L a s 1 7 ~ ~ - ~ ~ ~  This study 

PB-N-La17~207-368 pAS2-1 with N - L & S ~ ~ P ~ ~ ~ . ~ ~ ~  This study 

pACT2 with Vrplp (residues 364-8 17) 

pACT2 with Las 17p 

pACT2 with  as 1 7pTL 

pACT2 with N-Las17pl.368 

pACT2 with ~ - ~ a ~ 1 7 ~ ~ . ~ ~ ~ ~ ~  

pACT2 with N-Las17pl.206 

pACT2 with N-Las17p2073368 

pAS2-1 with WASP 

pAS2-I with 

pAS2-I with  WASP^^^^^ 
pAS2-I with  WASP^^^ 
pAS2-1 with WASPAWHI 

pAS2-1 with WASPAVCA 

pAS2-I with WIP 

pAS2-1 with (residues 11 18-1 188) 

pAS2-1 with (residues 1085-1219) 

pAS2-1 with (residues 55 1-669) 

pAS2-1 with (residues 494-663) 

pAS2-1 with (residues 423-482 ) 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 
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Primer 

WAS-F 

WAS-R 

WASP-SEQ1 

WAS dWH1-F 

WAS-dVCA-R 

WASP-DDW-R 

M6I-F 

L27F-F 

L27F-R 

E3 1 K-F 

E3 1 K-R 

L35H-F 

L35H-R 

L39P-F 

L39P-R 

G40V-F 

G40V-R 

Forward primer -mutation 

R4 1 G-F 5' m GAG ATG CTT GGA GGA AAA TGC TTG ACG CTG 3' Arg 41 Gly 

Reverse primer -mutation 

R4 1 G-R 5' CAG CGT CAA GCA TTT TCC TCC AAG CAT CTC AAA 3' Arg 41 Gly 

Forward primer -mutation 

C43W-F 5' ATG CTT GGA CGA AAA TGG TTG ACG CTG GCC ACT 3' Cys 43 Trp 

Reverse primer -mutation 

C43W-R 5' ACT GGC CAG CGT CAA CCA TTT TCG TCC AAG CAT 3' Cys 43 Trp 

Forward primer -mutation 

T45M-F 5' GGA CGA AAA TGC TTG ATG CTG GCC ACT GCA GTT 3' Thr 45 Met 

T45M-R 5' AAC TGC AGT GGC CAG CAT CAA GCA TTT TCG TCC 3' Reverse primer -mutation 

Sequence 

5' CAT GCC ATG GGA ATG AGT GGG GGC CCA ATG GGA G 3' 

5' CGC GGA TCC GTC ATC CCA TTC ATC ATC TTC ATC TTC 3' 

5' TGA AGA GAG AAG AGG AGG GC 3' 

5' CAT GCC ATG GCC CTC GTG CAG GAG AAG ATA CA 3' 

5' CGC GGA TCC GCC CCC GGC AGG CAC CAG AG 3' 

5' CGC GGA TCC GTC ATC CGC CGC CGC ATC TTC ATC TTC ATC 3' 

5' CATG CC ATG GGA AGT GGG GGC CCA ATC GGA GGA AGG CCC 

GGG 3' 

5' ATA CCC TCC ACC CTC TTC CAG GAC CAC GAG AAC 3' 

5' GTT CTC GTG GTC CTG GAA GAG GGT GGA GGG TAT 3' 

5' CTC CTC CAG GAC CAC AAG AAC CAG CGA CTC TTT 3' 

5' AAA GAG TCG CTG GTT CTT GTG GTC CTG GAG GAG 3' 

5' CAC GAG AAC CAG CGA CAC TTT GAG ATG CTT GGA 3' 

5' TCC AAG CAT CTC AAA GTG TCG CTG GTT CTC GTG 3' 

5' CGA CTC TTT GAG ATG CCT GGA CGA AAA TGC TTG 3' 

5' CAA GCA TTT TCG TCC AGG CAT CTC AAA GAG TCG 3' 

5' CTC TTT GAG ATG CTT GTA CGA AAA TGC TTG ACG 3' 

5' CGT CAA GCA TTT TCG TAC AAG CAT CTC AAA GAG 3' 

Remarks 

1-22 of WASP C-DNA 

1480-1506 of WASP c- 

DNA 

501-520 of WASP C-DNA 

415-437 of WASP c-DNA 

1253-1272 of WASP c- 

DNA 

1477-1506 of WASP c- 

DNA 

Forward primer -mutation 

Met 6 Phe 

Forward primer -mutation 

Leu 27 Phe 

Reverse primer -mutation 

Leu 27 Phe 

Forward primer -mutation 

Glu 3 1 Lys 

Reverse primer -mutation 

Glu 31 Lys 

Forward primer for - 
mutation Leu 35 His 

Reverse primer -mutation 

Leu 35 His 

Forward primer -mutation 

Leu 39 Pro 

Reverse primer -mutation 

Leu 39 Pro 

Forward primer -mutation 

Gly 40 Val 

Reverse primer -mutation 

Gly 40 Val 
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L46P-F 

L46P-R 

A47D-F 

A47D-R 

T48I-F 

T48I-R 

Q52H-F 

Q52H-R 

A56V-F 

A56V-R 

P58L-F 

Reverse primer -mutation 

P58L-R 5' GTG CTC AGC TCC AGG GAG CAG CGC CAG GTA CAG 3' Pro 58 Leu 

Forward primer -mutation 

W64R-F 5' CCT GGA GCT GAG CAC AGG ACC AAG GAG CAT TGT 3' Trp 64 Arg 

Reverse primer -mutation 

W64R-R 5' ACA ATG CTC CTT GGT CCT GTG CTC AGC TCC AGG 3' Trp 64 Arg 

Forward primer -mutation 

G70L-F 5' ACC AAG GAG CAT TGT TGG GCT GTG TGC TTC GTG 3' Gly 70 Leu 

Reverse primer -mutation 

G7OL-R 5' CAC GAA GCA CAC AGC CCA ACA ATG CTC CTT GGT 3' Gly 70 Leu 

Forward primer -mutation 

C73Y-F 5' CAT TGT GGG GCT GTG TAC TTC GTG AAG GAT AAC 3' Cys 73 Tyr 

Reverse primer -mutation 

C73Y-R 5' ATT ATC CTT CAC GAA GTA CAC AGC CCC ACA ATG 3' Cys 73 Tyr 

Forward primer -mutation 

V75M-F 5' GGG GCT GTG TGC TTC ATG AAG GAT AAC CCC CAG 3' Val 75 Met 

Reverse primer -mutation 

V75M-R 5' CTG GGG GTT ATC CTT CAT GAA GCA CAC AGC CCC 3' Val 75 Met 

Forward primer -mutation 

D77G-F 5' GTG TGC TTC GTG AAG GGT AAC CCC CAG AAG TCC 3' Asp 77 Gly 

Reverse primer -mutation 

D77G-R 5' GGA CTT CTG GGG GTT ACC CTT CAC GAA GCA CAC 3' Asp 77 Gly 

S82P-F 5' GAT AAC CCC CAG AAG CCC TAC TTC ATC CGC CTT 3' Forward primer -mutation 

5' CGA AAA TGC TTG ACG CCG GCC ACT GCA GTT GTT 3' 

5' AAC AAC TGC AGT GGC CGG CGT CAA GCA TTT TCG 3' 

5' AAA TGC TTG ACG CTG GAC ACT GCA GTT GTT CAG 3' 

5' CTG AAC AAC TGC AGT GTC CAG CGT CAA GCA TTT 3' 

5' TGC TTG ACG CTG GCC ATT GCA GTT GTT CAG CTG 3' 

5' CAG CTG AAC AAC TGC AAT GGC CAG CGT CAA GCA 3' 

5' GCC ACT GCA GTT GTT CAC CTG TAC CTG GCG CTG 3' 

5' CAG CGC CAG GTA CAG GTG AAC AAC TGC AGT GGC 3' 

5' GTT CAG CTG TAC CTG GTG CTG CCC CCT GGA GCT 3' 

5' AGC TCC AGG GGG CAG CAC CAG GTA CAG CTG AAC 3' 

5' CTG TAC CTG GCG CTG CTC CCT GGA GCT GAG CAC 3' 

Thr 45 Met 

Forward primer -mutation 

Leu 46 Pro 

Reverse primer -mutation 

Leu 46 Pro 

Forward primer -mutation 

Ala 47 Asp 

Reverse primer -mutation 

Ala 47 Asp 

Forward primer -mutation 

Thr 48 Ile 

Reverse primer -mutation 

Thr 48 Ile 

Forward primer -mutation 

Gln 52 His 

Reverse primer -mutation 

Gln 52 His 

Forward primer -mutation 

Ala 56 Val 

Reverse primer -mutation 

Ala 56 Val 

Forward primer -mutation 

Pro 58 Leu 
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S82P-R 

Y83C-F 

Y83C-R 

F84L-F 

F84L-R 

185T-F 

I85T-R 

R86H-F 

R86H-R 

G89D-F 

G89D-R 

W97C-F 

W97C-R 

Q99R-F 

Q99R-R 

LIOSP-F 

LIO5P-R 

Y 107C-F 

YlO7C-R 

Tll lP-F 

TI I IP-R 

H1 ISY-F 

H1 15Y-R 

5' AAG GCG GAT GAA GTA GGG CTT CTG GGG GTT ATC 3' 

5' AAC CCC CAG AAG TCC TGC TTC ATC CGC CTT TAC 3' 

5' GTA AAG GCG GAT GAA GCA GGA CTT CTG GGG GTT 3' 

5' CCC CAG AAG TCC TAC CTC ATC CGC CTT TAC GGC 3' 

5' GCC GTA AAG GCG GAT GAG GTA GGA CTT CTG GGG 3' 

5' CAG AAG TCC TAC TTC ACC CGC CTT TAC GGC CTT 3' 

5' AAG GCC GTA AAG GCG GGT GAA GTA GGA CTT CTG 3' 

5' AAG TCC TAC TTC ATC CAC CTT TAC GGC CTT CAG 3' 

5' CTG AAG GCC GTA AAG GTG GAT GAA GTA GGA CTT 3' 

5' TTC ATC CGC CTT TAC GAC CTT CAG GCT GGT CGG 3' 

5' CCG ACC AGC CTG AAG GTC GTA AAG GCG GAT GAA 3' 

5' GCT GGT CGG CTG CTC TGC GAA CAG GAG CTG TAC 3' 

5' GTA CAG CTC CTG TTC GCA GAG CAG CCG ACC AGC 3' 

5' CGG CTG CTC TGG GAA CGG GAG CTG TAC TCA CAG 3' 

5' CTG TGA GTA CAG CTC CCG TTC CCA GAG CAG CCG 3' 

5' GAG CTG TAC TCA CAG CCT GTC TAC TCC ACC CCC 3' 

5' GGG GGT GGA GTA GAC AGG CTG TGA GTA CAG CTC 3' 

5' TAC TCA CAG CTT GTC TGC TCC ACC CCC ACC CCC 3' 

5' GGG GGT GGG GGT GGA GCA GAC AAG CTG TGA GTA 3' 

5' GTC TAC TCC ACC CCC CCC CCC TTC TTC CAC ACC 3' 

5' GGT GTG GAA GAA GGG GGG GGG GGT GGA GTA GAC 3' 

5' CCC ACC CCC TTC TTC TAC ACC TTC GCT GGA GAT 3' 

5' ATC TCC AGC GAA GGT GTA GAA GAA GGG GGT GGG 3' 

Ser 82 Pro 

Reverse primer -mutation 

Ser 82 Pro 

Forward primer -mutation 

Tyr 83 Cys 

Reverse primer -mutation 

Tyr 83 Cys 

Forward primer -mutation 

Phe 84 Leu 

Reverse primer -mutation 

Phe 84 Leu 

Forward primer -mutation 

Ile 85 Thr 

Reverse primer -mutation 

Ile 85 Thr 

Forward primer -mutation 

Arg 86 His 

Reverse primer -mutation 

Arg 86 His 

Forward primer -mutation 

Gly 89 Asp 

Reverse primer -mutation 

Gly 89 Asp 

Forward primer -mutation 

Trp 97 Cys 

Reverse primer -mutation 

Trp 97 Cys 

Forward primer -mutation 

Gln 99 Arg 

Reverse primer -mutation 

Gln 99 Arg 

Forward primer -mutation 

Leu 105 Pro 

Reverse primer -mutation 

Leu 105 Pro 

Forward primer -mutation 

Leu 105 Pro 

Reverse primer -mutation 

Leu 105 Pro 

Forward primer -mutation 

Thr 1 11 Pro 

Reverse primer -mutation 

Thr 1 11 Pro 

Forward primer -mutation 

His 1 15 Tyr 

Reverse primer -mutation 
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GI 19E-F 

GI 19E-R 

A124E-F 

A 124E-R 

G125R-F 

G125R-R 

F128L-F 

F128L-R 

E131K-F 

E131K-R 

E133K-F 

E133K-R 

A1 34T-F 

A134T-R 

R138P-F 

RI 38P-R 

G187C-F 

G187C-R 5' CGG ACC CAC TGG AGG GCA TCC TTG GTC TCC ACC 3' Gly 187 Cys 

Forward primer -mutation 

A236EF 5' AAG AAG ATC AGC AAA GAG GAT ATT GGT GCA CCC 3' Ala 236 Glu 

Reverse primer -mutation 

A236E-R 5' GGG TGC ACC AAT ATC CTC TTT GCT GAT CTT CTT 3' Ala 236 Glu 

Forward primer -mutation 

L270P-F 5' CCA GAT CTG CGG AGT CCG TTC TCC AGG GCA GGA Leu 270 Pro 

Reverse primer -mutation 

L27OP-R 5' TCC TGC CCT GGA GAA CGG ACT CCG CAG ATC TGG Leu 270 Pro 

I294T-F 5' CTT ATC TAC GAC TTC ACT GAG GAC CAG GGT GGG 3' Forward primer -mutation 

5' TTC CAC ACC TTC GCT GAA GAT GAC TGC CAA GCG 3' 

5' CGC TTG GCA GTC ATC TTC AGC GAA GGT GTG GAA 3' 

5' GGA GAT GAC TGC CAA GAG GGG CTG AAC TTT GCA 3' 

5' TGC AAA GTT CAG CCC CTC TTG GCA GTC ATC TCC 3' 

5' GAT GAC TGC CAA GCG CGG CTG AAC TTT GCA GAC 3' 

5' GTC TGC AAA GTT CAG CCG CGC TTG GCA GTC ATC 3' 

5' CAA GCG GGG CTG AAC CTT GCA GAC GAG GAC GAG 3' 

5' CTC GTC CTC GTC TGC AAG GTT CAG CCC CGC TTG 3' 

5' CTG AAC TTT GCA GAC AAG GAC GAG GCC CAG GCC 3' 

5' GGC CTG GGC CTC GTC CTT GTC TGC AAA GTT CAG 3' 

5' TTT GCA GAC GAG GAC AAG GCC CAG GCC l T C  CGG 3' 

5' CCG GAA GGC CTG GGC CTT GTC CTC GTC TGC AAA 3' 

5' GCA GAC GAG GAC GAG ACC CAG GCC TTC CGG GCC 3' 

5' GGC CCG GAA GGC CTG GGT CTC GTC CTC GTC TGC 3' 

5' GAG GCC CAG GCC TTC CCG GCC CTC GTG CAG GAG 3' 

5' CTC CTG CAC GAG GGC CGG GAA GGC CTG GGC CTC 3' 

5' GGT GGA GAC CAA GGA TGC CCT CCA GTG GGT CCG 3' 

His 115 Tyr 

Forward primer -mutation 

Gly 1 19 Glu 

Reverse primer -mutation 

Gly 119 Glu 

Forward primer -mutation 

Ala 124 Glu 

Reverse primer -mutation 

Ala 124 Glu 

Forward primer -mutation 

Gly 125 Arg 

Reverse primer -mutation 

Gly 125 Arg 

Forward primer -mutation 

Phe 128 Leu 

Reverse primer -mutation 

Phe 128 Leu 

Forward primer -mutation 

Glu 131 Lys 

Reverse primer -mutation 

Glu 131 Lys 

Forward primer -mutation 

Glu 133 Lys 

Reverse primer -mutation 

Glu 133 Lys 

Forward primer -mutation 

Ala 134 Thr 

Reverse primer -mutation 

Ala 134 Thr 

Forward primer -mutation 

Arg 138 Pro 

Reverse primer -mutation 

Arg 138 Pro 

Forward primer -mutation 

Gly 187 Cys 

Reverse primer -mutation 
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I294T-R 

M307V-F 

M307V-R 

P359T-F 

P359T-R 

P373S-F 

P373S-R 

P459S-F 

P459S-R 

K476E-F 

K476E-R 

R477K-F 

R477K-R 

I48 1 N-F 

I481N-R 

D485N-F 

D485N-R 

5' CCC ACC CTG GTC CTC AGT GAA GTC GTA GAT AAG 3' 

5' GCT GTG CGG CAG GAG GTG AGG CGC CAG GAG CCA 3' 

5' TGG CTC CTG GCG CCT CAC CTC CTG CCG CAC AGC 3' 

5' CCA ACA CCC CGG GGA ACC CCA CCC CCA GGC CGA 3' 

5' TCG GCC TGG GGG TGG GGT TCC CCG GGG TGT TGG 3' 

5' CCA CCA CCA CCC CCT TCA GCT ACT GGA CGT TCT 3' 

5' AGA ACG TCC AGT AGC TGA AGG GGG TGG TGG TGG 3' 

5' TCA GCG CTG CAG CCA TCA CCT CAG AGC TCA GAG 3' 

5' CTC TGA GCT CTG AGG TGA TGG CTG CAG CGC TGA 3' 

5' ATG CAC GTG ATG CAG GAG AGA AGC AGA GCC ATC 3' 

5' GAT GGC TCT GCT TCT CTC CTG CAT CAC GTG CAT 3' 

5' CAC GTG ATG CAG AAG AAA AGC AGA GCC ATC CAC 3' 

5' GTG GAT GGC TCT GCT TTT CTT CTG CAT CAC GTG 3' 

5' AAG AGA AGC AGA GCC AAC CAC TCC TCC GAC GAA 3' 

5' TTC GTC GGA GGA GTG GTT GGC TCT GCT TCT CTT 3' 

5' GCC ATC CAC TCC TCC AAC GAA GGG GAG GAC CAG 3' 

5' CTG GTC CTC CCC TTC GTT GGA GGA GTG GAT GGC 3' 

Ile 294 Thr 

Reverse primer -mutation 

Ile 294 Thr 

Forward primer -mutation 

Met 307 Val 

Reverse primer -mutation 

Met 307 Val 

Forward primer -mutation 

Pro 359 Thr 

Reverse primer -mutation 

Pro 359 Thr 

Forward primer -mutation 

Pro 373 Ser 

Reverse primer -mutation 

Pro 373 Ser 

Forward primer -mutation 

Pro 459 Ser 

Reverse primer -mutation 

Pro 459 Ser 

Forward primer -mutation 

Lys 476 Glu 

Reverse primer -mutation 

Lys 476 Glu 

Forward primer -mutation 

Arg 477 Lys 

Reverse primer -mutation 

Arg 477 Lys 

Forward primer -mutation 

Ile 48 1 Asn 

Reverse primer -mutation 

Ile 481 Asn 

Forward primer -mutation 

Asp 485 Asn 

Reverse primer -mutation 

Asp 485 Asn 
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LasPro-R 

LasNco-F 

LasBam-R 

Las370-F 

Las80-F 

Reverse primer -mutation Leu 

Las80-R 5' TTC AAA ATT CAC ATA CGT TTC TTG GTC CCA GAT 3' 80 Thr 

Forward primer -mutation His 

Las94-F 5' GAC CGT ACT m TTT CTT ACA TTT GAG ATG GAA 3' 94 Leu 

Reverse primer -mutation His 

Las94-R 5' TTC CAT CTC AAA TGT AAG AAA AAA AGT ACG GTC 3' 94 Leu 

Las207Nco-F 5' CATG CC ATG GGA AAT TCG ACA ACA GCA TCC GCA CCG 3' 619-642 of Las17p c-DNA 

5' CATG CC ATG GGA CAG CAG CAG TTT AAT CAA GCT CCT TC 

Las295Nco-F 3' 883-908 of Lasl7p c-DNA 

Las206Bam-R 5' CGC GGA TCC GAT ATC GGA AAA TGA ACT TGT TTG GTC 3' 592-6 18 of Lasl7p c-DNA 

Las294Bam-R 5' CGC GGA TCC AGG TAC CGG AAA TGG AAA TGG GTT TG 3' 856-882 of Lasl7p c-DNA 

Las322-R 5' CGC GGA TCC CCG ATT ATT TCT G l T  AGG CAA CTG TG 3' 940-966 of Las17p c-DNA 

Las339-R 5' CGC GGA TCC AAC ACC TGA ACC TTC AGT AGT GGT AC 3' 991-1017 of Las17p c-DNA 

Las350-R 5' CGC GGA TCC ACG CCT TGG CGG AGG TGG AGG 3' 1030-1050 of Las17p c-DNA 

5' CATG CC ATG GGA AGA TCT TTC CTA ACT CAA CAA CCT 

Lasl7VCA-F CAA TCT GG 3' 1525-1550 of Lasl7p c-DNA 

5' CTAG TCT AGA CAT ATT AAA TCA CGC CTA TCA ACA CTT 

AAA G 3' 

5' CAT GCC ATG GGA CTC CTA AAC TCT TCA GAT AAG 3' 

5' CGC GGA TCC CCA ATC ATC ACC ATT GTC CAT ATC G 3' 

S'CTAGTCTAGAGCCATG GCCGGTGGAAATAGCCTCCTT 

CC 3' 

5' ATC TGG GAC CAA GAA ACG TAT GTG AAT TTT GAA 3' 

Binds to 3' end of LAS17 

promoter 

1-27 of Las l7p c-DNA 

1875-1 899 of Lasl7p c-DNA 

1108-1 130 of Las17p c-DNA 

Forward primer -mutation 

Leu 80 Thr 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library


	Binder1.pdf
	C001.tif
	C002.tif
	C003.tif
	C004.tif
	C005.tif
	C006.tif
	C007.tif
	C008.tif
	C009.tif
	C010.tif
	C011.tif
	C012.tif
	C013.tif
	C014.tif
	C015.tif

	Binder2.pdf
	D001.tif
	D002.tif
	D003.tif
	D004.tif
	D005.tif
	D006.tif
	D007.tif
	D008.tif
	D009.tif
	D010.tif
	D011.tif
	D012.tif
	D013.tif
	D014.tif
	D015.tif
	D016.tif
	D017.tif
	D018.tif
	D019.tif
	D020.tif
	D021.tif
	D022.tif
	D023.tif
	D024.tif
	D025.tif
	D026.tif
	D027.tif
	D028.tif
	D029.tif
	D030.tif
	D031.tif
	D032.tif
	D033.tif
	D034.tif
	D035.tif
	D036.tif
	D037.tif
	D038.tif
	D039.tif
	D040.tif
	D041.tif
	D042.tif
	D043.tif
	D044.tif
	D045.tif
	D046.tif
	D047.tif
	D048.tif
	D049.tif
	D050.tif
	D051.tif
	D052.tif
	D053.tif
	D054.tif
	D055.tif
	D056.tif
	D057.tif
	D058.tif
	D059.tif
	D060.tif
	D061.tif
	D062.tif
	D063.tif
	D064.tif
	D065.tif
	D066.tif
	D067.tif
	D068.tif
	D069.tif
	D070.tif
	D071.tif
	D072.tif
	D073.tif
	D074.tif
	D075.tif
	D076.tif
	D077.tif
	D078.tif
	D079.tif
	D080.tif
	D081.tif
	D082.tif
	D083.tif
	D084.tif
	D085.tif
	D086.tif
	D087.tif
	D088.tif
	D089.tif
	D090.tif
	D091.tif
	D092.tif
	D093.tif
	D094.tif
	D095.tif
	D096.tif
	D097.tif
	D098.tif
	D099.tif
	D100.tif

	Binder3.pdf
	D101.tif
	D102.tif
	D103.tif
	D104.tif
	D105.tif
	D106.tif
	D107.tif
	D108.tif
	D109.tif
	D110.tif
	D111.tif
	D112.tif
	D113.tif
	D114.tif
	D115.tif
	D116.tif
	D117.tif
	D118.tif
	D119.tif
	D120.tif
	D121.tif
	D122.tif
	D123.tif
	D124.tif
	D125.tif
	D126.tif
	D127.tif
	D128.tif
	D129.tif
	D130.tif
	D131.tif
	D132.tif
	D133.tif
	D134.tif
	D135.tif
	D136.tif
	D137.tif
	D138.tif
	D139.tif
	D140.tif
	D141.tif
	D142.tif
	D143.tif
	D144.tif
	D145.tif
	D146.tif
	D147.tif
	D148.tif
	D149.tif
	D150.tif
	D151.tif
	D152.tif
	D153.tif
	D154.tif
	D155.tif
	D156.tif
	D157.tif
	D158.tif
	D159.tif
	D160.tif
	D161.tif
	D162.tif
	D163.tif
	D164.tif
	D165.tif
	D166.tif
	D167.tif
	D168.tif
	D169.tif
	D170.tif
	D171.tif
	D172.tif
	D173.tif
	D174.tif
	D175.tif
	D176.tif
	D177.tif
	D178.tif
	D179.tif
	D180.tif
	D181.tif
	D182.tif
	D183.tif
	D184.tif
	D185.tif
	D186.tif
	D187.tif
	D188.tif
	D189.tif
	D190.tif
	D191.tif
	D192.tif
	D193.tif
	D194.tif
	D195.tif
	D196.tif
	D197.tif
	D198.tif
	D199.tif
	D200.tif
	D201.tif
	D202.tif
	D203.tif
	D204.tif
	D205.tif
	D206.tif
	D207.tif
	D208.tif
	D209.tif
	D210.tif
	D211.tif
	D212.tif
	D213.tif
	D214.tif
	D215.tif
	D216.tif
	D217.tif
	D218.tif
	D219.tif
	D220.tif
	D221.tif
	D222.tif
	D223.tif
	D224.tif
	D225.tif
	D226.tif
	D227.tif
	D228.tif
	D229.tif


