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v

 Protein tyrosine phosphatases (PTPs) are major direct regulators of the phosphotyrosine 
cellular content and essential drivers of the tyrosine-phosphorylation status of key cell sig-
naling proteins. Tyrosine phosphatases include proteins from the Cys-based PTP superfam-
ily (containing a PTP catalytic domain and a CxxxxxR signature catalytic motif) as well as 
enzymes from other gene families (Asp- and His-based phosphatases) that have converged 
to perform dephosphorylation of biological moieties by a two-step, nucleophile-based cata-
lytic mechanism. Such convergence illustrates the adaptive relevance and the wide variety of 
the dephosphorylation functions mediated by these enzymes, whose manipulation could be 
important for specifi c therapeutic targeting in human disease, including cancer, neurode-
velopmental, and metabolic diseases. Moreover, since mutations in many PTP genes are 
associated with hereditary diseases, several PTP family members are currently relevant in 
disease prevention and early molecular diagnosis. Tyrosine phosphatases are versatile 
enzymes in terms of substrate specifi city and regulatory properties. Classical PTPs dephos-
phorylate specifi c phosphotyrosine residues from protein substrates, whereas dual- specifi city 
PTPs dephosphorylate phosphotyrosine, phosphoserine, and phosphothreonine residues, 
as well as non-proteinaceous substrates, including phosphoinositides (the tumor suppressor 
PTEN being a hallmark) and carbohydrates, among others. In addition, several PTPs have 
impaired catalytic activity as a result of amino acid substitutions at their active sites but 
retain regulatory functions related to phosphotyrosine or phosphoinositide signaling. The 
substrate specifi city and biological function of PTPs, as well as their regulation during cell 
homeostasis, is facilitated by a diverse array of protein-interaction and protein-targeting 
domains, and reversible oxidation of their active sites is a major physiological regulatory 
mechanism of the catalysis of many Tyr phosphatases. 

 This book is aimed to provide coverage, methodology, and laboratory protocols on the 
more essential aspects of PTP function and regulation, including the use of standardized 
in vitro functional assays, suitable cell systems, and animal and microorganism models. 
Chapters covering state-of-the-art technical approaches suitable to decipher the physiologic 
roles of PTPs, and their involvement in tissue-specifi c functions, are also included, which 
will be of utility for both newcomers and experienced researchers in the fi eld of tyrosine- 
and phosphoinositide-phosphorylation/dephosphorylation. I wish to thank all authors for 
their valuable input and contribution to this issue of  Methods in Molecular Biology . We think 
the book will be of interest to chemists, biochemists, molecular biologists, and cell biolo-
gists, as well as to clinicians focusing their attention on the role of protein kinases and 
phosphatases in human disease. It is our hope that the methods and protocols from the 
chapters of this book will help researchers to better defi ne the common and individual fea-
tures of the PTP family members, and how this knowledge can translate into PTP-based 
therapy for human disease.  

  Barakaldo, Bizkaia, Spain     Rafael     Pulido     

  Pref ace   



     



vii

  Contents 

   Preface. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   v    
   Contributors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   ix    

    1     The Extended Family of Protein Tyrosine Phosphatases  . . . . . . . . . . . . . . . . .   1   
    Andrés   Alonso    ,     Caroline   E.   Nunes-Xavier    ,     Yolanda   Bayón    , 
and     Rafael   Pulido    

     2     Global RT-PCR and RT-qPCR Analysis of the mRNA Expression 
of the Human PTPome. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   25   
    Caroline   E.   Nunes-Xavier     and     Rafael   Pulido    

     3     Expression, Purification, and Kinetic Analysis of PTP Domains  . . . . . . . . . . . .   39   
    Mihaela   Mentel    ,     Rodica   A.   Badea    ,     Georgiana   Necula - Petrareanu    , 
    Sujay   T.   Mallikarjuna    ,     Aura   E.   Ionescu    , and     Stefan   E.   Szedlacsek    

     4     Peptide Microarrays for Real-Time Kinetic Profiling of Tyrosine 
Phosphatase Activity of Recombinant Phosphatases and Phosphatases 
in Lysates of Cells or Tissue Samples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   67   
    Liesbeth   Hovestad-Bijl    ,     Jeroen   van   Ameijde    ,     Dirk   Pijnenburg    , 
    Riet   Hilhorst    ,     Rob   Liskamp    , and     Rob   Ruijtenbeek    

     5     Tailor-Made Protein Tyrosine Phosphatases: In Vitro Site- Directed 
Mutagenesis of PTEN and PTPRZ-B  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   79   
    Sandra   Luna    ,     Janire   Mingo    ,     Olaia   Aurtenetxe    ,     Lorena   Blanco    , 
    Laura   Amo    ,     Jan   Schepens    ,     Wiljan   J.   Hendriks    , and     Rafael   Pulido    

     6     Assays to Measure PTEN Lipid Phosphatase Activity In Vitro 
from Purified Enzyme or Immunoprecipitates . . . . . . . . . . . . . . . . . . . . . . . . .   95   
    Laura   Spinelli     and     Nicholas   R.   Leslie    

     7     Assessing the Biological Activity of the Glucan Phosphatase Laforin. . . . . . . . .   107   
    Carlos   Romá-Mateo    ,     Madushi   Raththagala    ,     Mathew   S.   Gentry    , 
and     Pascual   Sanz     

    8     Discovery and Evaluation of PRL Trimer Disruptors 
for Novel Anticancer Agents . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   121   
    Yunpeng   Bai    ,     Zhi-Hong   Yu    , and     Zhong-Yin   Zhang     

    9     Analyzing Pseudophosphatase Function  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   139   
    Shantá   D.   Hinton    

    10     Crystallization of PTP Domains  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   155   
    Colin   Levy    ,     James   Adams    , and     Lydia   Tabernero    

    11     NMR Spectroscopy to Study MAP Kinase Binding 
to MAP Kinase Phosphatases. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   181   
    Wolfgang   Peti     and     Rebecca   Page    



viii

    12     Visualizing and Quantitating the Spatiotemporal Regulation 
of Ras/ERK Signaling by Dual-Specificity Mitogen-Activated Protein 
Phosphatases (MKPs)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   197   
    Christopher   J.   Caunt    ,     Andrew   M.   Kidger    , and     Stephen   M.   Keyse    

    13     In Situ Proximity Ligation Assay (In Situ PLA) to Assess 
PTP-Protein Interactions  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   217   
    Sina   Koch    ,     Irene   Helbing    ,     Sylvia- Annette   Böhmer    ,     Makoto   Hayashi    , 
    Lena   Claesson-Welsh    ,     Ola   Söderberg    , and     Frank-D.   Böhmer    

    14     Use of Dominant-Negative/Substrate Trapping PTP Mutations 
to Search for PTP Interactors/Substrates  . . . . . . . . . . . . . . . . . . . . . . . . . . . .   243   
    Vegesna   Radha    

    15     Detection and Identification of Ligands for Mammalian RPTP 
Extracellular Domains . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   267   
    Andrew   William   Stoker     

   16     Production of Osteoclasts for Studying Protein Tyrosine 
Phosphatase Signaling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   283   
    Eynat   Finkelshtein    ,     Einat   Levy-Apter    , and     Ari   Elson     

   17     Functional Analysis of Protein Tyrosine Phosphatases 
in Thrombosis and Hemostasis  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   301   
    Souad   Rahmouni    ,     Alexandre   Hego    ,     Céline   Delierneux    ,     Odile   Wéra    , 
    Lucia   Musumeci    ,     Lutz   Tautz    , and     Cécile   Oury    

    18     Functional Analysis of Dual-Specificity Protein Phosphatases 
in Angiogenesis. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   331   
    Mathieu   Amand    ,     Charlotte   Erpicum    ,     Christine   Gilles    ,     Agnès   Noël    , 
and     Souad   Rahmouni    

    19     Studying Protein-Tyrosine Phosphatases in Zebrafish  . . . . . . . . . . . . . . . . . . .   351   
    Alexander   James   Hale     and     Jeroen   den   Hertog     

   20     Live Staining of Drosophila Embryos with RPTP Fusion Proteins 
to Detect and Characterize Expression of Cell-Surface RPTP Ligands . . . . . . .   373   
    Namrata   Bali    ,     Hyung-Kook   (Peter) Lee    , and     Kai   Zinn     

   21     Methods to Study Protein Tyrosine Phosphatases 
Acting on Yeast MAPKs  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   385   
    Almudena   Sacristán-Reviriego    ,     María   Molina    , and     Humberto   Martín     

   Index  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   399    

Contents



ix

     JAMES     ADAMS    •    Faculty of Life Sciences ,  University of Manchester  ,  Manchester ,  UK     
      ANDRÉS     ALONSO    •    Instituto de Biología y Genética Molecular (IBGM) ,  CSIC- Universidad 

de Valladolid  ,  Valladolid ,  Spain     
      MATHIEU     AMAND    •    Immunology and Infectious Diseases Laboratory, GIGA-Signal 

Transduction Unit ,  University of Liège  ,  Liège ,  Belgium     
      LAURA     AMO    •    Biocruces Health Research Institute  ,  Barakaldo ,  Spain     
      OLAIA     AURTENETXE    •    Biocruces Health Research Institute  ,  Barakaldo ,  Spain     
      RODICA     A.     BADEA    •    Department of Enzymology ,  Institute of Biochemistry of the Romanian 

Academy  ,  Bucharest ,  Romania     
      YUNPENG     BAI    •    Department of Biochemistry and Molecular Biology ,  Indiana University 

School of Medicine  ,  Indianapolis ,  IN ,  USA     
      NAMRATA     BALI    •    Division of Biology and Biological Engineering ,  California Institute of 

Technology  ,  Pasadena ,  CA ,  USA     
      YOLANDA     BAYÓN    •    Instituto de Biología y Genética Molecular (IBGM) ,  CSIC- Universidad 

de Valladolid  ,  Valladolid ,  Spain     
      LORENA     BLANCO    •    Biocruces Health Research Institute  ,  Barakaldo ,  Spain     
      FRANK-D.     BÖHMER    •    Institute of Molecular Cell Biology, CMB ,  Jena University Hospital  , 

 Jena ,  Germany     
      SYLVIA-ANNETTE     BÖHMER    •    Institute of Molecular Cell Biology, CMB ,  Jena University 

Hospital  ,  Jena ,  Germany     
      CHRISTOPHER     J.     CAUNT    •    Department of Biology and Biochemistry ,  University of Bath  , 

 Claverton Down ,  Bath ,  UK     
      LENA     CLAESSON-WELSH    •    Department of Immunology, Genetics and Pathology, Rudbeck 

Laboratory ,  Uppsala University  ,  Uppsala ,  Sweden     
      CÉLINE     DELIERNEUX    •    Laboratory of Thrombosis and Haemostasis, GIGA- Cardiovascular 

Sciences Unit ,  University of Liège  ,  Liège ,  Belgium     
      JEROEN     DEN     HERTOG    •    Hubrecht Institute-KNAW & University Medical Center Utrecht  , 

 Utrecht ,  The Netherlands   ;             Institute of Biology ,  Leiden University  ,  Leiden ,  The Netherlands     
      ARI     ELSON    •    Department of Molecular Genetics ,  The Weizmann Institute of Science  , 

 Rehovot ,  Israel     
      CHARLOTTE     ERPICUM    •    Laboratory of Tumor and Developmental Biology, GIGA- Cancer , 

 University of Liège  ,  Liège ,  Belgium     
      EYNAT     FINKELSHTEIN    •    Department of Molecular Genetics ,  The Weizmann Institute of 

Science  ,  Rehovot ,  Israel     
      MATHEW     S.     GENTRY    •    Department of Molecular and Cellular Biochemistry, Center for 

Structural Biology ,  University of Kentucky  ,  Lexington ,  KY ,  USA     
      CHRISTINE     GILLES    •    Laboratory of Tumor and Developmental Biology, GIGA-Cancer , 

 University of Liège  ,  Liège ,  Belgium     
      ALEXANDER     JAMES     HALE    •    Hubrecht Institute-KNAW & University Medical Center 

Utrecht  ,  Utrecht ,  The Netherlands   ;             Institute of Biology ,  Leiden University  ,  Leiden , 
 The Netherlands     

  Contributors 



x

      MAKOTO     HAYASHI    •    Department of Immunology, Genetics and Pathology, Rudbeck 
Laboratory ,  Uppsala University  ,  Uppsala ,  Sweden   ;   Department of Physiology 
and Cell Biology, Graduate School of Medicine ,  Kobe University  ,  Kobe ,  Japan     

      ALEXANDRE     HEGO    •    Laboratory of Thrombosis and Haemostasis, GIGA-Cardiovascular 
Sciences Unit ,  University of Liège  ,  Liège ,  Belgium     

      IRENE     HELBING    •    Department of Immunology, Genetics and Pathology, Rudbeck 
Laboratory ,  Uppsala University  ,  Uppsala ,  Sweden   ;   Alere Technologies GmbH  ,  Jena , 
 Germany     

      WILJAN     J.     HENDRIKS    •    Department of Cell Biology, Nijmegen Centre for Molecular Life 
Sciences ,  Radboud University Nijmegen Medical Centre  ,  Nijmegen ,  The Netherlands     

      RIET     HILHORST    •    PamGene International BV  ,  ’s-Hertogenbosch ,  The Netherlands     
      SHANTÁ     D.     HINTON    •    Department of Biology, Integrated Science Center ,  College of William 

and Mary  ,  Williamsburg ,  VA ,  USA     
      LIESBETH     HOVESTAD-BIJL    •    PamGene International BV  ,  ’s-Hertogenbosch ,  The Netherlands     
      AURA     E.     IONESCU    •    Department of Enzymology ,  Institute of Biochemistry of the Romanian 

Academy  ,  Bucharest ,  Romania     
      STEPHEN     M.     KEYSE    •    Cancer Research UK Stress Response Laboratory, Division of Cancer 

Research, Jacqui Wood Cancer Centre, Ninewells Hospital & Medical School ,  University 
of Dundee  ,  Dundee ,  UK     

      ANDREW     M.     KIDGER    •    Cancer Research UK Stress Response Laboratory, Division of Cancer 
Research, Jacqui Wood Cancer Centre, Ninewells Hospital & Medical School ,  University 
of Dundee  ,  Dundee ,  UK     

      SINA     KOCH    •    Department of Immunology, Genetics and Pathology, Rudbeck Laboratory , 
 Uppsala University  ,  Uppsala ,  Sweden   ;   Max-Planck-Institute for Molecular Physiology  , 
 Dortmund ,  Germany     

      HYUNG-KOOK     (PETER)     LEE    •    Division of Biology and Biological Engineering ,  California 
Institute of Technology  ,  Pasadena ,  CA ,  USA     

      NICHOLAS     R.     LESLIE    •    Institute of Biological Chemistry, Biophysics and Bioengineering , 
 Heriot Watt University  ,  Edinburgh ,  UK     

      COLIN     LEVY    •    Manchester Protein Structure Facility ,  Manchester Institute of Biotechnology  , 
 Manchester ,  UK     

      EINAT     LEVY-APTER    •    Department of Molecular Genetics ,  The Weizmann Institute of Science  , 
 Rehovot ,  Israel     

      ROB     LISKAMP    •    School of Chemistry ,  University of Glasgow  ,  Glasgow ,  UK   ;   Medicinal 
Chemistry and Chemical Biology ,  Utrecht University  ,  Utrecht ,  The Netherlands     

      SANDRA     LUNA    •    Biocruces Health Research Institute  ,  Barakaldo ,  Spain     
      SUJAY     T.     MALLIKARJUNA    •    Department of Enzymology ,  Institute of Biochemistry of the 

Romanian Academy  ,  Bucharest ,  Romania     
      HUMBERTO     MARTÍN    •    Departamento de Microbiología II, Facultad de Farmacia, Instituto 

Ramón y Cajal de Investigaciones Sanitarias (IRYCIS) ,  Universidad Complutense de 
Madrid  ,  Madrid ,  Spain     

      MIHAELA     MENTEL    •    Department of Enzymology ,  Institute of Biochemistry of the Romanian 
Academy  ,  Bucharest ,  Romania     

      JANIRE     MINGO    •    Biocruces Health Research Institute  ,  Barakaldo ,  Spain     
      MARÍA     MOLINA    •    Departamento de Microbiología II, Facultad de Farmacia, Instituto 

Ramón y Cajal de Investigaciones Sanitarias (IRYCIS) ,  Universidad Complutense de 
Madrid  ,  Madrid ,  Spain     

Contributors



xi

      LUCIA     MUSUMECI    •    Immunology and Infectious Diseases Laboratory, GIGA-Signal 
Transduction Unit ,  University of Liège  ,  Liège ,  Belgium   ;   Laboratory of Thrombosis 
and Haemostasis, GIGA-Cardiovascular Sciences Unit ,  University of Liège  ,  Liège , 
 Belgium     

      AGNÈS     NOËL    •    Laboratory of Tumor and Developmental Biology, GIGA-Cancer ,  University 
of Liège  ,  Liège ,  Belgium     

      CAROLINE     E.     NUNES-XAVIER    •    Centro de Investigación Príncipe Felipe, Valencia, Spain; 
Department of Tumor Biology, Institute for Cancer Research ,  Oslo University Hospital 
Radiumhospitalet  ,  Oslo ,  Norway   ;   Biocruces Health Research Institute  ,  Barakaldo ,  Spain     

      CÉCILE     OURY    •    Laboratory of Thrombosis and Haemostasis, GIGA-Cardiovascular Sciences 
Unit ,  University of Liège  ,  Liège ,  Belgium     

      REBECCA     PAGE    •    Department of Molecular Biology, Cell Biology and Biochemistry ,  Brown 
University  ,  Providence ,  RI ,  USA     

      WOLFGANG     PETI    •    Department of Molecular Pharmacology, Physiology and Biotechnology , 
 Brown University  ,  Providence ,  RI ,  USA   ;   Department of Chemistry ,  Brown University  , 
 Providence ,  RI ,  USA     

      GEORGIANA     NECULA - PETRAREANU    •    Department of Enzymology ,  Institute of Biochemistry 
of the Romanian Academy  ,  Bucharest ,  Romania     

      DIRK     PIJNENBURG    •    PamGene International BV  ,  ’s-Hertogenbosch ,  The Netherlands     
      RAFAEL     PULIDO    •    Biocruces Health Research Institute  ,  Barakaldo, Bizkaia ,  Spain   ; 

  IKERBASQUE ,  Basque Foundation for Science  ,  Bilbao ,  Spain     
      VEGESNA     RADHA    •    Centre for Cellular and Molecular Biology  ,  Hyderabad ,  India     
      SOUAD     RAHMOUNI    •    Immunology and Infectious Diseases Laboratory, GIGA-Signal 

Transduction Unit ,  University of Liège  ,  Liège ,  Belgium     
      MADUSHI     RATHTHAGALA    •    Department of Molecular and Cellular Biochemistry, 

Center for Structural Biology ,  University of Kentucky  ,  Lexington ,  KY ,  USA     
      CARLOS     ROMÁ-MATEO    •    Department of Physiology, School of Medicine and Dentistry , 

 University of Valencia  ,  Valencia ,  Spain   ;   Centro de Investigación Biomédica en Red de 
Enfermedades Raras (CIBERER)  ,  Valencia ,  Spain     

      ROB     RUIJTENBEEK    •    PamGene International BV  ,  ’s-Hertogenbosch ,  The Netherlands     
      ALMUDENA     SACRISTÁN-REVIRIEGO    •    Departamento de Microbiología II, Facultad de 

Farmacia, Instituto Ramón y Cajal de Investigaciones Sanitarias (IRYCIS) , 
 Universidad Complutense de Madrid  ,  Madrid ,  Spain     

      PASCUAL     SANZ    •    Instituto de Biomedicina de Valencia ,  CSIC  ,  Valencia ,  Spain   ;   Centro de 
Investigación Biomédica en Red de Enfermedades Raras (CIBERER)  ,  Valencia ,  Spain     

      JAN     SCHEPENS    •    Department of Cell Biology, Nijmegen Centre for Molecular Life Sciences , 
 Radboud University Nijmegen Medical Centre  ,  Nijmegen ,  The Netherlands     

      OLA     SÖDERBERG    •    Department of Immunology, Genetics and Pathology, Rudbeck 
Laboratory ,  Uppsala University  ,  Uppsala ,  Sweden   ;   Department of Immunology, Genetics 
and Pathology, Science for Life Laboratory ,  Uppsala University  ,  Uppsala ,  Sweden     

      LAURA     SPINELLI    •    Institute of Biological Chemistry, Biophysics and Bioengineering , 
 Heriot Watt University  ,  Edinburgh ,  UK   ;   Division of Cell Signalling and Immunology, 
School of Life Sciences ,  University of Dundee  ,  Dundee ,  UK     

      ANDREW     WILLIAM     STOKER    •    UCL Institute of Child Health ,  University College London  , 
 London ,  UK     

      STEFAN     E.     SZEDLACSEK    •    Department of Enzymology ,  Institute of Biochemistry of the 
Romanian Academy  ,  Bucharest ,  Romania     

Contributors



xii

      LYDIA     TABERNERO    •    Faculty of Life Sciences ,  University of Manchester  ,  Manchester ,  UK     
      LUTZ     TAUTZ    •    NCI-Designated Cancer Center ,  Sanford Burnham Prebys Medical 

Discovery Institute  ,  La Jolla ,  CA ,  USA     
      JEROEN     VAN     AMEIJDE    •    Janssen Prevention Center ,  Crucell Holland BV  ,  Leiden , 

 The Netherlands     
      ODILE     WÉRA    •    Laboratory of Thrombosis and Haemostasis, GIGA-Cardiovascular Sciences 

Unit ,  University of Liège  ,  Liège ,  Belgium     
      ZHI-HONG     YU    •    Department of Biochemistry and Molecular Biology ,  Indiana University 

School of Medicine  ,  Indianapolis ,  IN ,  USA     
      ZHONG-YIN     ZHANG    •    Department of Biochemistry and Molecular Biology ,  Indiana 

University School of Medicine  ,  Indianapolis ,  IN ,  USA     
      KAI     ZINN    •    Division of Biology and Biological Engineering ,  California Institute of 

Technology  ,  Pasadena ,  CA ,  USA      

Contributors



1
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    Chapter 1   

 The Extended Family of Protein Tyrosine Phosphatases                     

     Andrés     Alonso     ,     Caroline     E.     Nunes-Xavier    ,     Yolanda     Bayón    , 
and     Rafael     Pulido      

  Abstract 

   In higher eukaryotes, the Tyr phosphorylation status of cellular proteins results from the coordinated action 
of Protein Tyrosine Kinases (PTKs) and Protein Tyrosine Phosphatases (PTPs). PTPs have emerged as 
highly regulated enzymes with diverse substrate specifi city, and proteins with Tyr-dephosphorylation or 
Tyr-dephosphorylation-like properties can be clustered as the PTPome. This includes proteins from the 
PTP superfamily, which display a Cys-based catalytic mechanism, as well as enzymes from other gene families 
(Asp-based phosphatases, His-based phosphatases) that have converged in protein Tyr- dephosphorylation- 
related functions by using non-Cys-based catalytic mechanisms. Within the Cys-based members of the 
PTPome, classical PTPs dephosphorylate specifi c phosphoTyr (pTyr) residues from protein substrates, 
whereas VH1-like dual-specifi city PTPs dephosphorylate pTyr, pSer, and pThr residues, as well as nonpro-
teinaceous substrates, including phosphoinositides and phosphorylated carbohydrates. In addition, several 
PTPs have impaired catalytic activity as a result of amino acid substitutions at their active sites, but retain 
regulatory functions related with pTyr signaling. As a result of their relevant biological activity, many 
PTPs are linked to human disease, including cancer, neurodevelopmental, and metabolic diseases, making 
these proteins important drug targets and molecular markers in the clinic. Here, a brief overview on the 
biochemistry and physiology of the different groups of proteins that belong to the mammalian PTPome 
is presented.  

  Key words     Tyrosine phosphatase  ,   Lipid phosphatase  ,   Asp-phosphatase  ,   His-based phosphatase  , 
  Phosphorylation  ,   Dephosphorylation  

1      Tyr Phosphatases: Positive and Negative Protein Regulators of Cell Signaling 

   Tyr  phosphorylation  / dephosphorylation   is a profuse regulatory 
mechanism of the responses of the cells to physiologic and patho-
logic changes in their environment, and it is  exerted   in holozoan 
organisms by the coordinated action of  Protein Tyrosine Kinases 
(PTKs)   and Protein Tyrosine Phosphatases (PTPs) [ 1 ,  2 ]. Unlike 
protein kinases, PTPs have evolved  independently   of the Ser/Thr 
Phosphatases,    displaying a characteristic PTP  domain,   a CxxxxxR 
conserved catalytic loop (where C is the catalytic Cys, x is any 
amino acid, and R is an Arg), and a Cys-based  catalysis   [ 1 ,  3 – 7 ]. 
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Beyond that, the mammalian  PTPome  , considered as the cluster of 
proteins with Tyr- dephosphorylation   or Tyr-dephosphorylation- 
like activity, includes proteins distributed in several families 
(Cys- based, His-based, Asp-based), among which the PTP family 
itself contributes with most of the members. In line with this, we 
have defi ned the concept of an open and extended  PTPome   whose 
members fulfi ll the following criteria: (a) harboring of a structur-
ally defi ned PTP  domain;    or  (b) presence of a CxxxxxR signature 
catalytic motif within a non-PTP phosphatase domain;  or  (c) 
displaying experimentally validated Tyr  phosphatase   activity;  or  (d) 
displaying high sequence similarity to members with demonstrated 
Tyr phosphatase  activity  . This updated human  PTPome   contains 
125 genes, which encode both catalytically active and inactive 
( pseudophosphatases  ) proteins [ 8 ] (Fig.  1  and Table  1 ).

Cys-based
CxxxxxR

Class I
Class II

LMW-PTP

SSU72

1

1

Class III

CDC25s 3

Asp-based

HAD

EYAs  4

Classical

VH1-like

SACs

Class I.IV

Class I.V INPP4s

TMEM55s

PALD1

Class I.I
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Class I.VI
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2
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1

Class I.II
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 PHOSPHATASES HIS-ACID
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ACPs  3

UBASH3s  2

  Fig. 1    Scheme of the extended family of Tyr phosphatases (extended  PTPome  ). The classifi cation is based on 
the nucleophilic catalytic residue (Cys, Asp, or His) and on protein topology.  Numbers  indicate the members 
included in each group.  See  Table  1  for a complete list of the members of the extended  PTPome  .  HAD  haloacid 
dehalogenase,  PGM  phosphoglyceromutase       
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        Table 1  
  The extended human  PTPome     

 Classical protein tyrosine phosphatases (PTPs) (Class I.I Cys-based) 

  Classical receptor protein tyrosine phosphatases (RPTPs)  

 1  PTPRA  5  PTPRE  9   PTPRJ    13  PTPRN2  17  PTPRS 

 2   PTPRB    6  PTPRF  10  PTPRK  14  PTPRO  18  PTPRT 

 3  PTPRC  7  PTPRG  11  PTPRM  15  PTPRQ  19  PTPRU 

 4  PTPRD  8  PTPRH  12  PTPRN a   16  PTPRR  20   PTPRZ1   

  Classical non-receptor protein tyrosine phosphatases (NRPTPs)  

 21  PTPN1  25  PTPN5  29  PTPN11  33  PTPN18  37  PTPN23 

 22  PTPN2  26  PTPN6  30  PTPN12  34  PTPN20A/B 

 23  PTPN3  27  PTPN7  31  PTPN13  35  PTPN21 

 24  PTPN4  28  PTPN9  32  PTPN14  36  PTPN22 

 Dual-specifi city VH1-like PTPs (DUSPs)    (Class I.II Cys-based) 

  Dual-specifi city    MAPK phosphatases     (MKPs)  

 38   DUSP1    41   DUSP5    44  DUSP8  47  DUSP16 

 39  DUSP2  42   DUSP6    45  DUSP9  48  STYXL1 a  

 40   DUSP4    43  DUSP7  46  DUSP10 

  Dual-specifi city atypical phosphatases (Atypical DUSPs)  

 Small-size atypical  DUSPs   

 49   DUSP3    52  DUSP14  55  DUSP19  58  DUSP23  61  DUSP28 

 50  DUSP13  53  DUSP15  56  DUSP21  59  DUSP26  62  PTPMT1 

 51  DUSP13  54  DUSP18  57  DUSP22  60  DUPD1  63  STYX a  

 Other atypical DUSPs 

 64  RNGTT  65  DUSP11  66  DUSP12  67   EPM2A    68  DUSP27 a  

  Slingshots  

 69  SSH1  70  SSH2  71  SSH3 

   Phosphatases of regenerating liver (PRLs)    

 72  PTP4A1  73  PTP4A2  74  PTP4A3 

  CDC14s  

 75  CDC14A  76  CDC14B  77  CDKN3  78  PTPDC1 

  PTEN-like  

 79  PTEN  81  TPTE2  83  TNS3 a   85  DNAJC6 a  

 80  TPTE a   82  TNS1 a   84  TENC1  86  GAK a  

(continued)
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    Although Tyr phosphatases were initially considered cell signaling 
shutting-off enzymes, it is now widely known that Tyr phosphatases 
work both as positive and negative regulators of cell signaling, switch-
ing on and off with high specifi city the biological activity of  signal 
transduction   molecules. Early after the fi rst report of the amino acid 
sequence of a PTP in 1988 [ 9 ], fi ndings of Tyr phosphatases working 
as positive signaling regulators followed and PTPRC/CD45 was 
shown to be essential for activation of the Src- family kinase (SFK) 

Table 1
(continued)

   Myotubularins (MTMs)    

 87  MTM1  90  MTMR3  93  MTMR6  96  MTMR9 a   99  MTMR12 a  

 88  MTMR1  91  MTMR4  94  MTMR7  97  MTMR10 a   100  SBF2 a  

 89  MTMR2  92  SBF1 a   95  MTMR8  98  MTMR11 a   101  MTMR14 

 SAC  phosphoinositide   phosphatases (Class I.III Cys-based) 

 102  SACM1L  103  INPP5F  104  FIG4  105  SYNJ1  106  SYNJ2 

 Paladin (Class I.IV Cys-based) 

 107  PALD1 

 INPP4 inositol polyphosphate phosphatases 4′ (Class I.V Cys-based) 

 108  INPP4A  109  INPP4B 

 TMEM55 inositol polyphosphate phosphatases 4′ (Class I.VI Cys-based) 

 110  TMEM55A  111  TMEM55B 

 Low molecular weight PTP (LMW-PTP) (Class II Cys-based) 

 112  ACP1 

 SSU72 (Class II Cys-based) 

 113  SSU72 

 CDC25 (Class III Cys-based) 

 114  CDC25A  115  CDC25B  116  CDC25C 

 Eyes absent haloacid dehalogenase phosphatases (HAD-EYAs) (Asp-based) 

 117  EYA1  118  EYA2  119  EYA3  120  EYA4 

 UBASH3 HIS-PGM phosphatases (TULAs) (Branch 1 His-based) 

 121  UBASH3A  122  UBASH3B 

 ACP HIS-acid phosphatases (Branch 2 His-based) 

 123  ACPP  124  ACP2  125  ACPT 

  Offi cial gene names are provided. PTPN20A and B are two duplicated identical genes located in the same locus. The 
two entries from DUSP13 correspond to DUSP13A and DUSP13B, two different genes located in the same locus 
  a Inactive phosphatases. PTPRN, TPTE, and TNS3, different to other inactive phosphatases which lack essential catalytic 
residues, contain all essential residues in their catalytic  signature motif  , making possible that these enzymes are active 
toward unknown substrates  

Andrés Alonso et al.
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Lck in T lymphocytes, by virtue of  dephosphorylation   of its inactivat-
ing C-terminal Tyr residue [ 10 ,  11 ]. Later on, PTPRA/RPTPα 
 overexpression   was reported to cause cell transformation of rat 
embryo fi broblasts, in association with  dephosphorylation   and acti-
vation of Src [ 12 ]. In fact, several PTPs are bona fi de  positive   regula-
tors of SFKs by specifi c Tyr  dephosphorylation   [ 13 ]. A classic example 
of targeted negative regulation of cell signaling by Tyr phosphatases 
is  that   of the kinase interaction motif (KIM)-containing MAPK-PTPs 
(PTPRR, PTPN5, and PTPN7), which specifi cally dephosphory-
late the activating Tyr residue in the catalytic loop of  MAPKs   upon 
KIM-mediated binding [ 14 ,  15 ]. Thus, Tyr phosphatases may dis-
play exquisite substrate specifi city and drive distinct signal outputs 
in coordination with specifi c TKs, as it has been recently illustrated 
in the case of PTPN1/ PTP1B   [ 16 ]. Some other examples of the 
positive and negative role of Tyr phosphatases in cell signaling, 
using EGFR- mediated signaling as a paradigm, are schematically 
depicted in Fig.  2 .
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  Fig. 2    Examples of positive and negative regulation of cell signaling exerted by different Tyr phosphatases. 
Examples were chosen using EGF receptor-mediated signaling as paradigm, and Tyr phosphatases acting on 
kinases upstream or downstream in the pathway. Direct  dephosphorylation   of regulatory  pTyr   on kinases is 
indicated by  solid lines . Indirect effect on the Tyr  phosphorylation   status of kinases is indicated by  broken lines . 
In most of the examples shown, Tyr  dephosphorylation   directly affects the catalytic activity of the kinase tar-
geted. In the case of UBASH3B, both direct and indirect effects on EGFR have been documented to block the 
degradation of the receptor       
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   Next, a brief account of the properties of Tyr phosphatases, 
as exemplifi ed by the mammalian  PTPome   members, is 
presented.  

2    Classifi cation of Tyr Phosphatases 

 Here, we will follow the classifi cation of PTPs by Alonso et al. 
[ 3 ], updated according to Alonso et al. [ 8 ] (Fig.  1  and Table  1 ). 
As shown, most of the  PTPome   members (116 genes) are Cys-
based Tyr phosphatases, although many of those do not have pTyr 
 as   their physiologic substrate but rather  phosphoinositides   (PIPs). 
The rest includes the EYAs Asp- based   (four genes) and the His- based 
(fi ve genes) Tyr phosphatases.  

3    Class I Cys-Based Phosphatases 

 Class I of Tyr phosphatases includes most of the Tyr phosphatases 
identifi ed so far in the human genome. Over 100 phosphatases 
form part of this group of enzymes, characterized by a similar topol-
ogy, the presence of common essential catalytic residues and a simi-
lar catalytic mechanism [ 7 ]. In our classifi cation, six major groups 
can be differentiated in this class: classical PTPs (subclass I.I), VH1-
like/ DUSPs   (subclass I.II), SACs (subclass I.III), Paladin (subclass 
I.IV), INPP4s (subclass I.V), and TMEM55s (subclass I.VI) 
phosphatases. 

   The most homogeneous group is that of classical PTPs. Alignments 
of their primary sequence and determination of the structures of 
 the   PTP domains (about 250 amino acids in length) from most of 
the classical Tyr phosphatases have allowed the identifi cation of 
structural motifs conserved in this family and their implication in 
 catalysis   and physiological function [ 17 ,  18 ]. Classical PTPs are 
 pTyr   specifi c enzymes. This  pTyr   specifi city is due to a loop present 
in classical PTPs structure and named  pTyr   loop that deepens the 
active site and impedes access  of   pSer/Thr  to   the catalytic Cys. In 
spite of this, the classical PTPs PTPRN2 and PTPRQ dephosphor-
ylate  phosphoinositides.   This group is further divided into recep-
tor and non-receptor phosphatases. Apart from the presence of a 
transmembrane domain that localizes the receptor enzymes in the 
plasma membrane, 13 out of 20 of these phosphatases contain two 
PTP  domains. The   domain close to the membrane, named D1, 
harbors the catalytic activity, while the second domain, D2, is 
mostly inactive and its function seems to be regulatory. D2 domains 
in  RPTPs   show a high degree of sequence conservation, indicating 
a conserved function through evolution [ 19 ]. Despite presenting 
receptor-like extracellular domains,  ligands   have only been 

3.1  Classical PTPs
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identifi ed in some cases. For instance, PTPRK/RPTPκ, PTPRM/
RPTPμ, PTPRU, and PTPRT interact by homotypic interactions, 
which seem to be involved in cell-cell adhesion processes that limit 
cell growth. On the other hand, the proteolysis of these PTPs gen-
erates extracellular and intracellular independent domains, which 
have been proposed as important mediators of oncogenicity 
[ 20 ,  21 ]. Other  RPTPs  , such as PTPRD/RPTPδ, PTPRF/LAR, 
and PTPRS/RPTPσ, bind membrane-bound  ligands   on adjacent 
cells and orchestrate cell signaling at specifi c cell compartments, 
like the synaptic junctions [ 22 ,  23 ]. In this regard, heparan sulfate 
proteoglycans (HSPGs) bind to PTPRF increasing  its   phosphatase 
activity, while another  ligand  , the protein Dallylike, inhibits its 
activity, regulating the function of this phosphatase in the forma-
tion of  synapses   [ 24 ]. Sugar components from PTPRC/CD45 
bind to the endogenous lectin Galectin-1, which reduces  PTPRC   
phosphatase activity and facilitates T cell death during thymic mat-
uration [ 25 ,  26 ]. Remarkably, binding of Galectin-3 to PTPRC 
from B cells also diminishes PTPRC phosphatase  activity  , but con-
ferring resistance to apoptosis-inducing agents [ 27 ], illustrating 
the cell type-dependent tuned specifi city of the biological activity 
of PTPs. Another interesting example is that of  PTPRZ1  /RPTPζ, 
which binds to pleiotrophin and contactins. Binding to the cyto-
kine pleiotrophin leads to a decrease in its phosphatase  activity  , and 
to an increase in Tyr  phosphorylation   of β-catenin and the ALK 
TK receptor [ 28 ,  29 ]. 

 Non-receptor classical PTPs are 17 phosphatases which in addi-
tion to the PTP  domain   present additional regulatory and targeting 
domains and motifs. Some of these domains (FERM, BRO1, FYVE, 
or C2) are involved in binding to lipids in cellular membranes. 
Other domains, like the SH2 domain present in PTPN6/SHP1 
and PTPN11/SHP2, regulate the activity of the phosphatase, 
whereas Pro-rich motifs permit the interaction with SH3 or F-BAR 
domains [ 30 ,  31 ]. As mentioned above, by virtue of these protein-
interaction motifs and domains, as well as by intrinsic specifi city for 
substrate recognition in the catalytic domains, PTPs show a physi-
ologically well-tuned substrate specifi city that exerts both positive 
and negative inputs in cell signaling pathways (Fig.  2 ).  

    VH1-like/DUSP  PTPs   are more diverse than classical PTPs and 
present a phosphatase domain much smaller, usually 100 amino 
acids shorter. The fi rst phosphatase of this group was identifi ed in 
the vaccinia poxvirus and was named VH1 [ 32 ]. Then many others 
were identifi ed up to the 64 genes that are included in this group 
in the human genome. The phosphatases in this group show a 
great diversity of substrates, from RNA to lipids, and include  pTyr  , 
 pSer  , and  pThr   phosphatases. Several groups can be distinguished 
among VH1-like phosphatases [ 3 ,  8 ]. Among them, the ten active 
MAP kinase (MAPK)    phosphatases (MKPs),  which   target with 

3.2  VH1-Like/
Dual-Specifi city 
Phosphatases (DUSPs)

The Extended Family of Protein Tyrosine Phosphatases
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great specifi city  MAPKs   thanks to the presence of specifi c binding 
domains, are major players in the regulation of cell growth, sur-
vival, and differentiation [ 33 ,  34 ].  Myotubularins (MTMs)   dephos-
phorylate PI(3)P and PI(3,5)P2 to produce PtdIns(5)P, and 
constitute an important VH1-like/ DUSP   subfamily, with nine 
phosphatase-active and six phosphatase-inactive members (Table  1 ). 
They regulate endocytosis and membrane and vesicle traffi cking, 
and have been genetically linked with human myopathies and neu-
ropathies [ 35 ,  36 ]. A major human disease-related enzyme which 
belongs to the VH1-like/DUSP phosphatases is the  PTEN   tumor 
suppressor, which targets as the major substrate the PI(3,4,5)P3 
product of the  oncogenic   PI3K.  PTEN   is a physiologic homeo-
static regulator whose involvement in human disease goes beyond 
cancer [ 36 ]. Interestingly, some VH1-like/DUSP phosphatases 
are the lowest expression of a phosphatase, being almost exclu-
sively  a   PTP domain of around 150 amino acids, like DUSP23/
VHZ [ 37 ]. Some of these small phosphatases also dephosphorylate 
 MAPKs  , like  DUSP3  /   VHR [ 38 ,  39 ].   

   The SAC  phosphoinositide   phosphatases have in common the 
presence of a SAC catalytic domain, whose core is topologically 
similar to that of the PTP catalytic domain of some VH1-like/
DUSPs  and   contains a CxxxxxR catalytic motif [ 40 ]. The SAC 
enzymes included in the human  PTPome   display substrate specifi c-
ity towards mono- and multi-phosphorylated PIPs, and form part 
of two subgroups: SACML1/SAC1, INPP5F/SAC2, and FIG4/
SAC3, which possess the SAC domain as the only catalytic domain; 
and SYNJ1/Synaptojanin 1 and SYNJ2/Synaptojanin 2, which 
possess a non-Cys-based Mg 2+ -dependent 5-phosphatase domain 
in addition to the SAC domain [ 41 – 44 ].  

   Paladin/PALD1 is a protein that presents two  putative   PTP domains 
that contain the  signature motif   CxxxxxR. However, no phosphatase 
 activity   has been demonstrated yet for Paladin [ 45 ]. The phosphatase 
domains of Paladin belong to the PTP-like phytase (PTP-LP) type. 
Phytases are phosphatases that hydrolyze  phosphate   from myo-inosi-
tol hexakisphosphate, also called phytate [ 46 ], and they are found in 
different families of enzymes: histidine acid phosphatases, β-propeller 
phytases, purple acid phosphatases, and PTP-like phytases [ 46 ,  47 ]. 
PTP-LPs are found in anaerobic bacteria in ruminants [ 48 ], and in 
some human pathogens, such as  Clostridium botulinum . The phytase 
domain from  Selenomonas ruminantium  (PhyAsr) has been crystal-
lized, showing a similar topology to VH1-like phosphatases [ 49 ], 
with a PTP-loop that contains the catalytic Cys. Paladin expression is 
regulated during embryonic development [ 50 – 52 ] and it has been 
implicated in vascular biology [ 53 ]. A mouse knockout has been gen-
erated, but no phenotype has been reported for the loss of expression 
of this gene [ 53 ]. Paladin has also been involved in the regulation of 
insulin signaling [ 45 ].  

3.3  SAC 
Phosphatases

3.4  Paladin

Andrés Alonso et al.
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   These two groups of Cys-based phosphatases have been recently 
added to the  PTPome   based on the presence on their four members 
of a conserved CxxxxxR motif (Tables  1  and  2 ) and phosphatase 
 activity   towards inositol polyphosphates and  phosphoinositides   [ 8 ].

   INPP4A and INPP4B are two related enzymes that dephos-
phorylate the D4 position from PI(3,4)P2, Ins(3,4)P3, and Ins(1,3,4)
P2. By virtue of their relative specifi city towards PI(3,4)P2, INPP4A 
and INPP4B are involved in the negative regulation of  PI3K  -
mediated signaling and AKT activation [ 54 – 56 ]. INPP4A has been 
related with Huntington’s disease because of its involvement in the 
control of excitotoxic cerebellar- and striatum- neuronal cell death 
[ 57 ,  58 ], as well as with the regulation of  platelet aggregation   and 
asthma-related infl ammation [ 59 – 61 ]. INPP4B exerts tumor sup-
pressor activities in different human cancers by both  PI3K  /AKT-
dependent and - independent   mechanisms [ 56 ,  62 – 65 ]. In addition, 
INPP4B has been related with osteoporosis by its negative regulatory 
role on  osteoclast   differentiation [ 66 ]. 

 TMEM55A and TMEM55B  are   two small  phosphoinositide 
  phosphatases that dephosphorylate the D4 position of PI(4,5)P2 
[ 67 ]. TMEM55A and TMEM55B regulate EGFR lysosomal 
degradation [ 67 ], and a role for TMEM55B in p53 stabilization of 
nuclear p53 has also been reported [ 68 ].   

4    Class II Cys-Based Phosphatases 

 The Class II of Cys-based PTPs now includes two phosphatases, 
the former member LMW-PTP/ACP1, and the new addition 
Ssu72 (suppressor of Sua72), which has been added to this family 
due to its structural homology with LMW-PTP [ 69 ]. LMW-PTP 
has been studied for many years and it has been linked with  diseases 
related with the immune response, infl ammation, and cancer [ 70 , 
 71 ]. However, the physiological role of this phosphatase is still 
poorly defi ned. LMW-PTP and Ssu72 present the typical PTP 
CxxxxxR  signature motif   at the N-terminus  of   the PTP domain, 
and the Asp acid involved in  catalysis   is C-terminal, more than 100 
amino acids away in the primary sequence, in contrast with Class I 
PTPs, where precedes the  signature motif  . LMW-PTP and Ssu72 
are evolutionarily related to bacterial arsenate-reductases coupled 
to thioredoxin, which present the PTP CxxxxxR  signature motif 
  and display the same topology [ 72 ,  73 ]. Unlike LMW-PTP, which 
 is   specifi c for  pTyr  , Ssu72 dephosphorylates specifi cally pSer5 and 
pSer7 in the C-terminal domain (CTD) of RNA polymerase II 
[ 74 – 76 ], and thus Ssu72 is involved in mRNA processing. Ssu72 
has also been recently involved in sister chromatid segregation dur-
ing cell division [ 77 ] through the regulation of the cohesin protein 
complex [ 78 ].  

3.5  INPP4 
and TMEM55 
Phosphatases

The Extended Family of Protein Tyrosine Phosphatases
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      Table 2  
  Catalytic motifs and substrate specifi city from some  PTPome   members   

  

Gene/protein Catalytic motif Specificity Consensus catalytic motif .
(Classical; Class I.I Cys-based) (37)
PTPRA/RPTPα(D1) HCSAGVGR pTyr
PTPRQ             HCSAGVGR     PIPs HCSxGxGR
PTPN1/PTP1B HCSAGIGR     pTyr

(VH1-like/DUSPs; Class I.II Cys-based) (64)
DUSP1/MKP1 HCQAGISR   pSer/Thr/Tyr
DUSP3/VHR HCREGYSR pSer/Thr/Tyr
PTPMT1/PLIP HCKAGRSR pGP,PIPs HCxxGxxR
EPM2A/Laforin HCNAGVGR pGlycogen,pTyr            
SSH1 HCKMGVSR pSer                 
PTP4A3/PRL-3 HCVAGLGR pSer/Thr/Tyr,PIPs
CDC14A HCKAGLGR pSer/Thr            
PTEN HCKAGKGR PIPs/pSer/Thr/Tyr
MTM1 HCSDGWDR PIPs
MTMR4 HCSDGWDR PIPs,pSer

(SACs; Class I.III Cys-based) (5)
SACML1/SAC1 NCMDCLDR PIPs
SYNJ1 SCERAGTR PIPs

CxxxxxR
(Paladin; Class I.IV Cys-based) (1)
PALD1(D1) SCQMGVGR ?                      
PALD1(D2) SCLSGQGR ?                                   

(INPP4s; Class I.V Cys-based) (2)
INPP4A SCKSAKDR PIPs

(TMEM55s; Class I.VI Cys-based) (2)
TMEM55A ICKDTSRR PIPs

(LMW-PTP; Class II Cys-based) (1)
ACP1/LMW-PTP VCLGNICR pTyr

(SSU72; Class II Cys-based) (1)
SSU72 VCSSNQNR pSer

(CDC25s; Class III Cys-based) (3)
CDC25A HCEFSSER pThr/Tyr

(EYAs; Asp-based) (4)
EYA1 WDLDET      pSer/Tyr

(UBASH3s; His-based) (2)
UBASH3A/TULA/Sts-2 RHGE       pTyr

(ACPs; His-based) (3)
ACPP RHGD       Nonproteinaceous,pSer/Thr/Tyr 

Only some members from the distinct PTPome subfamilies are shown. For a complete list of PTPome members, see Table 1. 
The consensus catalytic motifs are shown for the Cys -based Tyr phosphatases. For PTPRA, only the catalytic motif from the 
active PTP D1 domain is shown. For PALD1, the catalytic motifs from the two PTP domains are shown. Note that VH1-like/DUSP 
subfamily constitutes a heterogeneous group of enzymes. The numbers in brackets indicate the number of genes in each 
category. PIPs, phosphoinositides; pGP, phosphatidylglycerophosphate.
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5    Class III Cys-Based Phosphatases 

 This class contains three members, cell division cycle (CDC) 25A, 
B, and C (CDC25A, CDC25B, and CDC25C), which activate 
CDKs by dephosphorylating Thr14 and Tyr15 in the  ATP   binding 
loop of CDKs [ 79 ]. Thus, CDC25 phosphatases are involved in 
cell-cycle progression and in the checkpoint pathways that control 
DNA damage response [ 80 ]. This family has expanded through 
evolution from a single gene in  yeast   to three genes in mammals. 
The catalytic domain of CDC25 is a Rhodanese domain [ 81 ,  82 ], 
which was fi rst found in a sulfurtransferase called rhodanese [ 83 ]. 
This domain presents an ample distribution in living organisms, 
being present in Eukarya, Archaea, and Eubacteria. An inactive 
rhodanese domain, named CDC25 homology domain (CH2), in 
which the catalytic Cys is replaced by another amino acid, is pres-
ent in MKPs [ 84 ]. This CH2 domain  includes   a kinase interaction 
motif (KIM) involved in binding to MKPs [ 14 ,  85 ]. CDC25s pres-
ent an extended catalytic loop. Whereas other rhodanese enzymes 
present four amino acids between the catalytic Cys and Arg, 
CDC25s contain fi ve amino acids by insertion of one extra residue, 
to generate the  signature motif   of Cys-based PTPs. The addition 
of this extra amino acid seems to change the enzyme activity from 
a sulfur transfer reaction  to   phosphate hydrolysis [ 86 ]. This family 
lacks a WPD loop containing the general acid/base that works in 
the second step of the  catalysis   in Classes I and II. In this sense, it 
has been proposed that, in CDC25 phosphatases, the initial proton 
donor is the monoprotonated  phosphate   that acts as its substrate in 
lieu of the bisanionic phosphate used by Class I PTPs. An invariant 
Glu, placed in the CDC25s PTP-loop contiguous to the catalytic 
Cys, has been proposed to be involved in the  catalysis   [ 87 ,  88 ].  

6    Asp-Based Phosphatases 

  Among  the   members of the large family of Asp-based phosphatases, 
aka Haloacid Dehalogenase (HAD) phosphatases, there are a few 
that possess Tyr phosphatase  activity   [ 89 ]. We refer to the four 
members of the Eyes absent ( EYA ) family of transcription factors, 
which are involved in the formation of many tissues and organs 
[ 90 ]. They contain a poorly conserved N-terminal domain, respon-
sible for its transactivation activity [ 91 ], and a highly conserved 
C-terminal domain, called EYA domain, that participates in pro-
tein interactions, mainly with the Six family proteins, and through 
these interactions, in DNA binding [ 92 ]. EYA domain shares the 
active core of the HAD phosphatases and presents Tyr phosphatase 
 activity   [ 93 – 95 ]. EYA proteins also have Thr phosphatase  activity  , 
but this activity is catalyzed by other active sites located in the 
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N-terminal domain and not related to HAD phosphatase  activity 
  [ 96 ,  97 ]. Hence, EYA proteins have a dual specifi city that is based 
on two separated catalytic domains that probably act on different 
substrates. The only avowed substrate for the Tyr phosphatase 
 activity   of EYA proteins is the histone H2AX [ 98 ,  99 ], whereas no 
substrate for the Thr phosphatase  activity   has been discovered.   

7    His-Based Phosphatases 

 The  His phosphatase (HP)   superfamily includes numerous enzymes 
that dephosphorylate a great variety of substrates, from proteins to 
small molecules involved in metabolism [ 100 ]. Two branches are 
distinguished in this family. Branch one is called PGM (phospho-
glycerate mutase) group, because the enzyme Diphosphoglycerate 
mutase (dPGM) is here included. The second branch is termed AP 
(acid phosphatases).    The PGM subfamily is better represented in 
prokaryotes, while the AP subfamily is more abundant in eukary-
otic organisms. Tyr phosphatases have been identifi ed in both sub-
families, UBASH3 phosphatases in the PGM branch and some acid 
phosphatases in the second branch [ 8 ]. 

 The  UBASH3  (Ubiquitin-associated and SH3 domain- 
containing protein) group of phosphatases includes UBASH3A and 
UBASH3B [ 101 – 104 ]. UBASH3 proteins contain an N-terminal 
UBA (ubiquitin-associated) domain, an SH3 (Src homology 3) 
domain, and a phosphatase domain similar to the PGM branch of 
the His  phosphatases  . The UBA domain interacts with ubiquitin 
and ubiquitylated proteins, including UBASH3 phosphatases [ 101 , 
 103 ,  105 ]. The PGM domain, in addition to phosphatase  activity  , 
allows dimerization of these phosphatases. Expression of UBASH3B 
is ubiquitous, while UBASH3A expression is restricted to lympho-
cytes [ 103 ,  106 ]. The phosphatase  activity   of UBASH3B is much 
higher than UBASH3A [ 107 – 109 ]. 

 UBASH3A and UBASH3B Tyr phosphatases dephosphory-
late ZAP70 and Syk Tyr kinases [ 106 ,  109 – 111 ] with exquisite 
specifi city, as they just dephosphorylate a few Tyr in these kinases 
[ 107 ,  109 ,  111 ,  112 ]. UBASH3B has also been implicated in 
 dephosphorylation   of the EGFR, where it also targets specifi c 
Tyr [ 112 ]. 

 UBASH3 phosphatases can work both as negative or positive 
regulators. In the immune system, they seem to function as nega-
tive regulators, mainly through the regulation of immunoreceptor 
tyrosine-based activation motif (ITAM) associated receptors, such 
as TCR and FcεR. Identifi cation of several SNPs associated with 
autoimmune diseases in these phosphatases further supports their 
relevance in the immune system [ 113 ]. On the other hand, it has 
been found that UBASH3B works as positive regulator of EGFR. 
Upon EGFR stimulation, UBASH3B is recruited to the EGFR 
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through the interaction with the E3 ubiquitin ligase CBL [ 101 ,  103 ]. 
UBASH3 SH3 domain binds to the central Pro-rich region of 
CBL [ 101 ,  103 ], and this complex dephosphorylates EGFR and 
inhibits its subsequent degradation, which is dependent on EGFR 
ubiquitination by CBL. In this sense, it has been found that 
UBASH3 is overexpressed in triple negative breast cancer (TNBC), 
as well as in prostate cancer cells [ 114 ]. UBASH3B is involved in 
tumor growth and metastasis mainly by inhibiting EGFR degrada-
tion, and for this reason it seems that UBASH3B could behave as 
an oncogenic phosphatase in TNBC. 

 The group of His-based  acid phosphatases  related with Tyr 
 dephosphorylation   includes ACPP/PAP, ACP2/LAP, and ACPT 
(Table  1 ). They dephosphorylate small organic nonproteinaceous 
moieties, as well as  pTyr   from peptides and proteins [ 115 ]. In par-
ticular, ACPP and ACPT have been associated with Tyr  dephos-
phorylation   and inactivation of distinct members of the EGFR family 
[ 116 – 118 ]. ACPP, which is abundant in prostate tissue, has been 
proposed as a tumor suppressor for prostate cancer [ 119 ,  120 ].  

8    Catalytic Mechanism of Tyr Phosphatases 

 Hydrolysis of  phosphate   from Tyr-phosphorylated proteins is initi-
ated by a nucleophilic attack. The nucleophile that starts the 
 reaction is different in each family of PTPs: Cys in Cys-based phos-
phatases,    Asp in Eya HAD, and His in HPs [ 3 ,  115 ,  121 ]. The 
catalytic mechanism for Cys, Asp, and  His phosphatases   has been 
well established and involves two steps. The reaction is initiated by 
a nucleophilic attack carried out by the catalytic amino acids, Cys, 
Asp, or His. A phospho-enzyme intermediate is formed and the 
dephosphorylated substrate is released. In addition to the catalytic 
residue that starts the nucleophilic attack, in the fi rst step of the 
reaction, an Asp participates donating a proton to the tyrosyl leav-
ing group of the substrate. Next, in the second step of the reaction, 
the  phosphate   is released and the phosphatase is regenerated. In 
this step, a water molecule acting as nucleophile breaks the phos-
pho-enzyme intermediate. This molecule of water is deprotonated 
by an Asp, which is the same that intervened as a general acid in the 
fi rst step of the reaction, and now works as a general base (Fig.  3 ). 
Representative catalytic  signature motifs   from the distinct groups 
of Cys-based Tyr phosphatases are shown in Table  2 . Note that 
these groups can be classifi ed, at least in part, based on the sequence 
of this motif.

   The correct orientation of the  phosphate   for  catalysis   as well as 
the stabilization of the transition state during the reaction is medi-
ated by the Arg present in the catalytic pocket at the end of the 
P-loop, which is part of the  signature motif   (CxxxxxR) in the Cys- 
based PTPs. In HPs, the function of this Arg in Cys-based 
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phosphatases seems to be mediated by two Arg and a His within 
the catalytic pocket, which together with the catalytic His form the 
quartet of residues conserved in all HPs. On the other hand, HAD 
phosphatases use an Asp  as   the catalytic residue and Mg 2+  as a 
cofactor to stabilize the transition state (Table  2 ) [ 122 ]. 

 In contrast to the diversity found in the initial nucleophile in 
these families of phosphatases, they have adopted  an   Asp as the 
general acid/base. Nevertheless, in UBASH3 phosphatases, HPs of 
the PGM branch, it seems that a Glu develops this function [ 107 , 
 123 ]. In most of the Cys-based PTPs, the general acid/base Asp is 
usually located in an additional loop in the active site. In Class I 
PTPs this Asp precedes by 30–40 amino acids the P-loop that 
contains the Cys. This loop contains a conserved stretch of amino 
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  Fig. 3    Scheme of the two-step catalytic mechanism used by Tyr phosphatases. The scheme is shown with a 
 pTyr  -protein as the substrate. In the fi rst step, the Cys-, His-,    or Asp-catalytic residue from each family of 
phosphatases initiates a nucleophilic attack on the phosphate group of the substrate forming a transient 
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acids, WPD, in classical PTPs that is used to name this loop as WPD 
loop. However, these residues are not conserved outside this group 
of phosphatases. On the other hand, in Class II the Asp- loop is 100 
amino acids C-terminal to the catalytic Cys. Interestingly, it has 
been suggested than in Class III phosphatases a Glu in the P-loop 
develops this function [ 87 ,  88 ], as well as in  Myotubularins   [ 36 ]. 
Similarly, in the EYAs HADs, the Asp is found in the same loop that 
the catalytic Asp at a +2 position (Table  2 ) [ 121 ].  

9    The PTPome in Model Organisms 

  PTPome human   and mouse genes are well conserved, with the 
exception of  PTPRV / Ptprv , which is a transcribed pseudogene in 
human and a normal gene in mouse [ 124 ]. In addition, the two 
human  TPTE  and  TPTE2  genes are represented with one single 
gene in mouse [ 125 ].  Dario rerio  ( zebrafi sh  ) and   Drosophila mela-
nogaster    (fruit fl y), two widely used metazoan model organisms, 
contain members from all Tyr phosphatase families. Within the 
group of classical PTPs,  D. rerio  ortholog genes to all the mam-
malian PTPs have been found, with the exception of PTPN7, 
PTPN12, and PTPN14. In addition, at least 14 classical PTP genes 
are duplicated in  D. rerio  [ 126 ,  127 ]. In the case of  D. melanogas-
ter , the representation of Cys-based phosphatases covers about half 
of the human Cys-based phosphatase genes, with all the  D. mela-
nogaster  Tyr phosphatases having orthologs in humans [ 127 ,  128 ]. 
The  PTPome   of the  yeast     Saccharomyces cerevisiae    (budding  yeast  ), 
the more used experimental model from Fungi kingdom, is mostly 
composed of Tyr-specifi c and dual-specifi city Cys-based phospha-
tases dedicated to  MAPKs    dephosphorylation  , as well as of dual- 
specifi city phosphatases of unknown function [ 127 ,  129 ,  130 ]. 
Two SAC members are present in  S. cerevisiae  [ 131 ], as well as 
Ssu72 [ 75 ].  

10    Conclusion and Future Perspectives 

 A variety of mammalian phosphatases from different gene families 
( PTPome)   dephosphorylate  pTyr   residues or show topological 
similarity in their catalytic domains with the canonical PTP  domain. 
  This has been used to establish classifi cations and evolutionary 
relationships between these enzymes [ 3 – 6 ,  132 ,  133 ]. We have 
summarized here our concept of an open and extended  PTPome 
  which includes proteins that: (a) harbor a structurally defi ned PTP 
 domain;    or  (b) contain a CxxxxxR signature catalytic motif within 
a non-PTP phosphatase domain;  or  (c) display experimentally 
validated Tyr phosphatase  activity  ;  or  (d) display high sequence 
similarity to members with demonstrated Tyr phosphatase  activity  . 
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The relative conservation of Tyr phosphatase functions in distant 
Phyla, and the evolutionary convergence of several  PTPome   mem-
bers towards Tyr- or PIP- dephosphorylation  , outlines the physio-
logic importance of such functions. In this regard, bacteria and 
protozoan parasite Tyr phosphatases have a pathogenic role in sev-
eral infectious diseases, which make them direct drug targets for 
therapeutic intervention [ 134 – 136 ]. Moreover, Tyr phosphatases 
have direct roles in the etiology of many hereditary and nonheredi-
tary human diseases, including cancer, neurodegenerative, meta-
bolic, immune, and heart diseases [ 33 ,  136 – 152 ]. The dual role of 
many of the Tyr phosphatases in relation with human disease consti-
tutes both a challenge and an open scenario for the implementation 
of therapies based on these enzymes. For instance, many classical 
PTPs display pro-oncogenic or anti-oncogenic roles depending on 
the tissue and the physiologic context [ 134 ,  135 ,  140 ,  144 ]. A clini-
cally relevant example is the  lipid phosphatase    PTEN  , whose recon-
stitution, activation, or delivery could be benefi cial in  cancer therapy  , 
whereas its  inhibition   could be benefi cial in the treatment of neu-
roregeneration-related diseases [ 153 – 156 ]. The feasibility of Tyr 
phosphatases as both potential targets for  inhibition and   active drugs 
in human disease therapy will be under dedicated scrutiny in the 
upcoming future.       
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Chapter 2

Global RT-PCR and RT-qPCR Analysis of the mRNA 
Expression of the Human PTPome

Caroline E. Nunes-Xavier and Rafael Pulido

Abstract

Comprehensive comparative gene expression analysis of the tyrosine phosphatase superfamily members 
(PTPome) under cell- or tissue-specific growth conditions may help to define their individual and specific 
role in physiology and disease. Semi-quantitative and quantitative PCR are commonly used methods to 
analyze and measure gene expression. Here, we describe technical aspects of PTPome mRNA expression 
analysis by semi-quantitative RT-PCR and quantitative RT-PCR (RT-qPCR). We provide a protocol for 
each method consisting in reverse transcription followed by PCR using a global platform of specific PTP 
primers. The chapter includes aspects from primer validation to the setup of the PTPome RT-qPCR 
platform. Examples are given of PTP-profiling gene expression analysis using a human breast cancer cell 
line upon long-term or short-term treatment with cell signaling-activation agents.

Key words Protein tyrosine phosphatase, Reverse transcription PCR, Real-time quantitative PCR, 
PTPome

1 Introduction

The global analysis of changes in the expression of well-defined 
gene or protein families during physiological or pathological con-
ditions provides valuable information to understand the regulation 
of cell physiology in health and disease. Genome-wide DNA micro-
array analyses generate reliable comparative global information on 
gene expression patterns and on major changes in the expression of 
individual genes. However, the wide scope of genome-wide analy-
sis may hamper the optimization and comparison of the gene 
expression changes on specific groups of genes. In addition, small 
changes in gene expression, especially for genes expressed at low 
levels, may be overlooked due to the limited sensitivity of the DNA 
microarray assays [1–3]. Reverse transcription quantitative real- 
time PCR (RT-qPCR) may overcome these problems because of 
its very high sensitivity and dynamic range and the possibility of 
individualized choosing and optimization of primers specific for 
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the genes of interest, including mRNA isoform-specific primers 
[4, 5]. Semi-quantitative reverse transcription PCR (RT-PCR) 
provides limited quantitative information, but can be useful to 
compare the expression of related mRNA variants which can be 
differentiated by size, or the relative expression of a mRNA of 
interest versus a reference mRNA, if coupled to agarose gel elec-
trophoresis [6, 7].

The protein tyrosine phosphatase (PTP) superfamily is com-
posed of members that belong to several gene families, which dif-
fer in the number and type of catalytic domains, as well as in their 
catalytic mechanism and overall substrate specificity. As such, an 
array of enzymes or enzyme-like proteins directly related with Tyr 
dephosphorylation can be considered as the PTPome. A former 
version of the human PTPome was defined as formed by about 
107 members, and in an extended updated form expands to about 
125 members [8, 9]. Many PTPome members harbor different 
noncatalytic regulatory domains, whereas others are small proteins 
only composed of the catalytic domain [8, 10–18]. The classical 
PTP enzymes (class I Cys-based classical PTPs) and the dual- 
specificity (DSPs) VH1-like PTPs (class I Cys-based DSPs) form 
the core of the PTPome and account for most of its members. 
They harbor one or two (classical PTPs), or only one (DUSPs), 
conserved catalytic PTP domains, and contain the conserved 
HCxxGxxR catalytic signature motif. The classical PTPs form a 
homogeneous group of enzymes with substrate specificity mostly 
restricted towards pTyr residues, whereas the DSPs include several 
subfamilies with different substrate specificities, including specific-
ity towards pTyr/pSer/pThr, phosphoinositides, phosphorylated 
carbohydrates, and mRNA. Other PTPome enzymes contain a 
less-conserved CxxxxxR catalytic motif and employ a Cys-based 
catalysis to dephosphorylate pTyr/pSer/pThr residues or phos-
phoinositides, but harbor different classes of catalytic domains 
[arsenate reductase domain (class II-Cys based); rhodanese domain 
(class III Cys based)]. Finally, some phosphatases dephosphorylate 
pTyr using catalytic mechanisms non-Cys based, which belong to 
independent phosphatase gene families (Asp-based phosphatases, 
His-based phosphatases) [9]. This is of importance since the cata-
lytic active sites of each of these enzyme families, as well as the 
physiologic regulation of their activities, display differences, mak-
ing possible phosphatase family specific drug targeting with experi-
mental or therapeutic purposes.

The PTPome is well suited to perform RT-PCR and RT-qPCR 
approaches to analyze comparatively the gene expression of their 
members [19–23]. We describe here methods to perform com-
parative semi-quantitative (RT-PCR) and quantitative (RT-qPCR) 
analysis of the gene expression of the human PTPome. Examples 
are shown using the MCF-7 human breast cancer cell line grown 
under different experimental conditions.

Caroline E. Nunes-Xavier and Rafael Pulido
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2 Materials

All solutions are prepared in double-distilled, RNase-free water. 
Cell culture and transfection procedures require sterile conditions.

 1. Tissue-cultured cells, or biological samples, as a source of 
RNA.

 2. Specific primer sets for amplification of the PTPs of interest 
and the reference control genes (see Notes 1 and 2).

 3. RNA isolation kit (see Note 3).
 4. cDNAs of the PTPs of interest, for primer specificity validation.
 5. RT and PCR reagents (see Note 4).
 6. Thermocycler.
 7. Agarose gel electrophoresis and DNA visualization reagents 

(see Note 5).
 8. Ultraviolet light detection system.

 1. Tissue-cultured cells, or biological samples, as a source of RNA.
 2. Validated primer sets for quantitative RT-PCR (RT-qPCR) 

(see Note 6).
 3. RT-qPCR reagents (see Notes 4 and 7).
 4. RNA isolation kit (see Note 3).
 5. cDNAs of the PTPs of interest, for primer amplification efficiency 

validation.
 6. Plate setup suitable for loading the qPCR PTPome set.
 7. Real-time thermocycler.

3 Methods

The first method (Subheading 3.1) is aimed to monitor semi- 
quantitatively (band intensity) and qualitatively (band size) the 
expression of mRNAs from different related PTPs under different 
experimental conditions. This approach is useful when the relative 
size of the amplified bands provides information on the expression 
of highly related PTP isoforms or variants, which may display differ-
ent functional properties [7, 24]. In addition, this methodology can 
provide a good and sensitive overall view of the relative  expression of 
the members of PTP subfamilies (see Fig. 1). The second method 
(Subheading 3.2) is designed to perform a global and quantitative 
monitoring of the mRNA expression of the PTPome under different 
experimental conditions. Our setting uses real-time RT-qPCR 
methodology scaled to accommodate, in 96-well (96- w) or in 
384-well (384-w) plates, primers that amplify individually the 
members of the PTPome in a single experiment (see Fig. 3)

2.1 Analysis 
of Human PTPome 
mRNA Expression 
by Semi- 
quantitative RT-PCR

2.2 Global Analysis 
of Human PTPome 
mRNA Expression by 
Quantitative RT-PCR
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 1. Design specific oligonucleotide primer sets for the group of 
PTPs of interest, and perform PCR tests for primer specificity 
and cross-reactivity using as templates plasmids containing 
the distinct PTP cDNAs (see Note 8). An example of primer 
specificity test, using primers that amplify the members of the 
human MKP family of active PTPs (Table 1), is shown in 
Fig. 1a. Each PCR reaction contained 10 ng template, 
0.5 mM dNTP mix (2.5 μl from 10 mM stock [2.5 mM each 
dNTP]), 0.3 μM of each primer (1.5 μl from 10 μM stock), 

3.1 Analysis 
of Human PTPome 
mRNA Expression 
by Semi- 
quantitative RT-PCR

Fig. 1 (a) PCR analysis of oligonucleotide primer sets for the members of the human MKP family of active PTPs. 
Plasmids that contained cDNAs encoding each MKP were used as the template for each PCR reaction with the 
respective primer set (upper row), or with the primer sets of the ten different MKPs (lower rows). As shown, all 
primer sets amplified the expected DNA fragment from their corresponding cDNA template, and did not amplify 
DNA fragments from the other members of the MKP family. Thus, the ten primer sets designed are specific for 
the ten different MKP genes. Samples were resolved on 1 % agarose gels, and the amplified DNA was stained 
with ethidium bromide. In the right of the upper row, size in base pairs (bp) is indicated. Note that, when 
samples are run together, the slight differences in the size of the amplified bands (see Table 1) serve as 
internal controls. (b) Semi-quantitative RT-PCR analysis of the mRNA expression of the human MKP family of 
active PTPs. Poly(A) RNA obtained from human breast carcinoma MCF-7 cells untreated or treated with PMA 
(50 ng/ml) for 96 h was subjected to retrotranscription, and the resulting cDNA (50–200 ng/reaction) was 
processed for PCR using oligonucleotide primers specific for ACTB/β-actin (as a reference gene) and the ten 
active members of the MKP family, as in (a). mRNAs from DUSP1, DUSP4, DUSP6, DUSP10, DUSP5, DUSP2, 
DUSP8, and DUSP7 were detected in non-treated MCF-7 cells, while mRNAs for DUSP9 and DUSP16 were not 
detected in MCF-7 cells. PMA-treated MCF-7 cells displayed upregulation of DUSP6 and DUSP5 mRNAs, and, 
to a lower extent, of DUSP10 and DUSP7. These results have been previously published in [21]
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and 1 U GC-rich DNA Polymerase (0.5 μl from 2 U/μl stock) 
(see Note 4) in a final volume of 50 μl. PCR conditions were 
a denaturation step, 95 °C, 5 min, followed by 35 cycles: 
denaturation, 95 °C, 1 min; annealing, 55 °C, 2 min; extension, 
72 °C, 1 min.

 2. Isolate total RNA, or poly(A) RNA, from the cells or tissues of 
interest (see Note 3) and measure RNA concentration and 
purity in a nanodrop spectrophotometer (see Note 9).

 3. Incubate (12.5 μl final volume) 1 μg total RNA, or 10 ng 
poly(A) RNA (see Note 3), and oligo(dT)18 primers (1 μl from 
100 μM stock) at 70 °C, 10 min to denature RNA secondary 
structure, and transfer to ice to let the primers to anneal to 
the RNA.

Table 1  
Oligonucleotide primers specific for the members of the human MKP family of PTPs and human β-actina

Gene/protein
Sense primer (5′–3′)
Antisense primer (5′–3′)

Amplified 
fragment  
size (bp) Localizationb

DUSP1/MKP1 GTG GGC ACC CTG GAC GCT
GCT GAG CCC CAT GGG GGT

426 C-term

DUSP4/MKP2 GAC TGC AGT GTG CTC AAA AGG
AAC CGG GGG TGG GAT GGC

483 C-term

DUSP6/MKP3 ATA GAT ACG CTC AGA CCC GTG
CTC GCC GCC CGT ATT CTC G

333 C-term

DUSP9/MKP4 GAG GGT CTG GGC CGC TCG
CGC CAT GCT GGA GCC GGC

450 C-term

DUSP10/MKP5 GCA CTA TCT AGG CCC GTC C
GTT GTA CTC CAT GAA GGG CC

516 C-term

DUSP16/MKP7 CAT GAG ATG ATT GGA ACT CAA A
AGG GAC TAG AGT GGA TTT TCC T

426 C-term

DUSP5 TCG CTC GAC GGG CGC CAG
CTC ACT CTC AAT CTT CTC TTG T

450 C-term

DUSP2 CTG GAG TGC GCG GCG CTG
CAG CGC AGG GGC GGG GG

429 C-term

DUSP8 GGG GAC CGG CTC CCG AG
GCT CAT GGG TAG CAG GGC A

438 C-term

DUSP7/MKPX AAC GCC TTC GAG CAC GGC G
GGA CTC CAG CGT ATT GAG TG

408 N-term

ACTB/β-actin CCA AGG CCA ACC GCG AGA AGA TGA C
AGG GTA CAT GGT GGT GCC GCC AGA C

562 Core

aPrimers were used for experiments shown in Fig. 1
bThe protein region targeted by each pair of primers is indicated
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 4. To perform the reverse transcription reaction, add 4 mM 
dNTP mix (2 μl from 40 mM stock [10 mM each dNTP]), 
RNase inhibitor (0.5 μl, 20 U), reverse transcriptase (RT; 1 μl 
from 200 U/μl stock), and RT buffer (4 μl 5×), to give a final 
volume of 20 μl (see Note 4). Incubate at 42 °C, 1 h.

 5. Optional: Incubate at 70 °C, 10 min, to inactivate the RT 
enzyme.

 6. Measure concentration and purity of cDNA in a nanodrop 
spectrophotometer (see Note 10).

 7. Perform the PCR reaction using the validated primer sets 
and 50–200 ng cDNA/reaction, as described in step 1 (see 
Note 11).

An example of the relative expression of the mRNAs from the 
MKP family of PTPs, in human breast carcinoma MCF-7 cells 
untreated or treated with phorbol 12-myristate 13-acetate (PMA), 
is shown in Fig. 1b.

The high sensitivity of RT-qPCR makes necessary maximal accuracy 
in the manipulation and processing of the samples, as well as in the 
design and control of the experiment itself [25].

 1. Choose or design the appropriate set of oligonucleotide prim-
ers sets for the members of the PTPome and for the reference 
genes (see Note 6). It is recommended to test individually the 
specificity of the primers by checking that a single sharp peak 
is obtained in the melt curve at the end of the PCR reaction 
(see Note 12).

 2. Efficiency of the primers: it is recommended (especially when 
the primers are not prevalidated commercially) to test that the 
efficiency (E) of the amplification reaction is close to 2.0 (two-
fold amplification per cycle = 100 % efficiency). This can be cal-
culated from the slope of the quantification cycle (Cq) standard 
curve, which is made by running PCR reactions using decimal 
dilutions (e.g. 1:1, 1:10, 1:100) of the cDNA to be analyzed 
or of a template plasmid (starting with 10 ng) containing the 
cDNA amplified by the primers, and representing Cq (y) vs. 
LOG template concentration (x) [y = slope × x + Cq(x=0); 
E = 10(−1/slope)] (see Note 13). The Pearson’s correlation coeffi-
cient (r) of the standard curve should be >0.990. Examples of 
Cq standard curves for a set of commercial primers (QIAGEN) 
for the human MKP family of active PTPs, and the calculation 
of the efficiency for one of them (DUSP10), are given in Fig. 2.

 3. Obtain cDNA by retrotranscription of the RNA of interest, as 
in Subheading 3.1, to be used as template.

 4. Setup of plates: primers for all PTPs and controls are aliquoted 
at 10 μM in stock plates (Fig. 3). From the stock plate, a 
multipipette is used to make 384-w PCR working plates 

3.2 Global Analysis 
of Human PTPome 
mRNA Expression 
by Quantitative 
RT-PCR (RT-qPCR)
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
A 1.1 1.2 1.3 2.1 2.2 2.3 3.1 3.2 3.3 4.1 4.2 4.3 1.1 1.2 1.3 2.1 2.2 2.3 3.1 3.2 3.3 4.1 4.2 4.3
B 5.1 5.2 5.3 6.1 6.2 6.3 7.1 7.2 7.3 8.1 8.2 8.3 5.1 5.2 5.3 6.1 6.2 6.3 7.1 7.2 7.3 8.1 8.2 8.3
C 9.2 9.3 … 9.1 9.2 9.3 …
D
E
F
G
H
I
J
K
L
M
N
O
P

1 2 3 4 5 6
A 1 2 3 4
B 5 6 7 8
C 9 …
D
E

Untreated cDNA Treated cDNA 

Primer stock
384 w-plate

(containing the primers
for each PTP)

  PCR 384-w plate
(to transfer primers and reaction mixes) 

Treated cDNA 

Untreated cDNA 

SECOND STEP  
(REACTION MIXES)

FIRST STEP
(PRIMERS)

triplicates triplicates

9.1

Fig. 3 Setup for the RT-qPCR analysis of the PTPome. A stock plate with primer aliquots for each PTP (num-
bered as 1, 2, etc., as an example) is used to transfer the primers to the PCR working plate, in triplicate (1.1, 
1.2, 1.3, 2.1, 2.2, 2.3, etc., as an example) or in duplicate (not shown), for both untreated and treated condi-
tions. Reaction mix is then added to the working plate and PCR is run
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38a
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0 0.5 1 1.5 2 

DUSP10  1:1 100 2 26,95 −3,16 2,069930511 

1:10 10 1 30,46 
1:100 1 0 33,28 

Primer          Dilutions    times   LOG    Cq       Slope     Efficiency             

C
q

 v
al

u
es

LOG dilution

E = 10(−1/slope) 

DUSP6     y = −3.37x + 25.30
 r2 = 0.9704

DUSP1     y = −3.25x + 31.48
r2 = 0.9996

DUSP9     y = −3.65x + 36.78
 r2 = 0.995

DUSP10   y = −3.16x + 33.39
 r2 = 0.9961

DUSP19   y = −3.70x + 32.32
 r2 = 1 

DUSP5     y = −3.49x + 31.11
r2 = 0.9979

DUSP2     y = −3.59x + 36.03
 r2 = 0.9974

DUSP4     y = −3.12x + 32.42
r2  = 0.9948

DUSP7     y = −3.37x + 31.72
 r2 = 0.9992

DUSP8     y = −3.48x + 29.06
 r2 = 0.9999

Fig. 2 Validation of qPCR primers for efficiency. (a) Primer efficiency (E) [E = 10(−1/slope)] of human MKP primers 
is calculated from the slope of the plot, generated by running reactions using decimal dilutions (1:1, 1:10, and 
1:100) of a template cDNA (starting at 100 ng) from control cells. (b) An example for DUSP10 primers is shown 
in the bottom
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containing 2 μl of each primer set per well, in duplicate or in 
triplicate, including in the same plate the experimental condi-
tions to be compared (e.g., “untreated” vs. “treated”) (Fig. 3) 
(see Note 14). All plates are always kept on ice.

 5. Reaction mix (20 μl/reaction): 2 μl primers, 5 μl cDNA 
(50–200 ng) in PCR-grade H2O, 3 μl PCR-grade H2O, 10 μl 
Master Mix (2×) (containing DNA polymerase, dNTPs, Dye, 
and reaction buffer) (see Note 7).

 6. Add reaction mix with a multipipette. When pipetting of working 
plate is finished, cover the plate with sealing foil and keep covered 
with aluminum foil, on ice, until placed in the thermocycler.

 7. Run the reaction (see Note 15). An example of the mRNA 
expression of most of PTPome members from MCF-7 cells 
untreated or treated with PMA for 72 h, using a set of commer-
cial primers (QuantiTect, QIAGEN), is shown in Fig. 4. PCR 
conditions were a denaturation step, 95 °C, 10 min, followed 
by 40 cycles: denaturation, 95 °C, 15 s; annealing, 55 °C, 20 s; 
extension, 72 °C, 15 s.

 8. Analyze the data using the appropriate software. A common way 
to present the data is in logarithmic scale (LOG2), where signifi-
cant changes are usually considered > or equal to 2, or < or equal 
to −2. For relative changes, fold change can be calculated using 

the ΔΔCq equation: DDCq
Cq Cq Cq Cqptp treat ref treat ptp untreat ref untre=

- ( )-2 . . . .
- -

aat( )é
ë

ù
û ; 

where the Cq from the reference (ref) genes is subtracted to 
the Cq of each PTP in both the “untreated” (untreat.) and 
“treated” (treat.) conditions. For the choosing of reference 
genes, see Note 16.
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Fig. 4 Example of RT-qPCR expression analysis of the PTPome in MCF-7 cells treated with PMA. MCF-7 cells 
were left untreated or treated with PMA (50 ng/ml) for 72 h, and total RNA was purified and used for retrotran-
scription. cDNA was processed for PCR using a set of commercial primers (QuantiTect, QIAGEN). For this 
example, PCR was performed using technical duplicates. Relative expression values in LOG2 scale are shown. 
Only a fraction of the PTPome, ordered from lower to higher fold change, is shown
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As an example, we show the mRNA expression of MKPs from 
MCF-7 cells stimulated with Epidermal Growth Factor (EGF), an 
ERK1/2-activating stimulus (Fig. 5). Six MKPs showed significant 
changes in gene expression after 24 h of EGF treatment, which 
declined after 48 and 72 h. The highest upregulated MKPs were 
DUSP4, DUSP6, and DUSP5 (Fig. 5a). In Fig. 5b, a comparative 
schematic kinetics of ERK1/2 activation, and DUSP4, DUSP6, 
and DUSP5 mRNA upregulation by EGF, is shown.

4 Notes

 1. When comparison between groups of PTPome members is going 
to be done, the primers should target nonconserved regions, and 
amplify fragments of similar size (see also Notes 8 and 12).
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Fig. 5 (a) RT-qPCR analysis of the mRNA expression of the human MKP family of active PTPs from MCF-7 cells 
treated with EGF. MCF-7 cells were left untreated or treated with EGF (50 ng/ml) 24, 48, and 72 h, and pro-
cessed for RT-qPCR as in Fig. 4. Mean fold change in gene expression is represented as LOG2. DUSP4, DUSP6, 
and DUSP5 were significantly upregulated. (b) Example of coordination of ERK1/2 activation and DUSP4, 
DUSP6, and DUSP5 expression during transient activation of ERK1/2 by EGF stimulation. Data are normalized 
from (a) and from [21]
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 2. The reference gene chosen for the experiment shown in Fig. 1b 
is ACTB/β-actin. Note that the expression of ACTB/β-actin 
mRNA, as that of many other commonly used reference genes, 
may change under your study conditions [26, 27]. An evalua-
tion of the more appropriate reference genes for each study 
conditions should be made [28, 29].

 3. There are many kits suitable for isolation of total or poly(A) 
RNA. As a rough estimation, poly(A) RNA constitutes 1 % of 
total RNA cellular content, which has to be taken in consider-
ation for the amount of RNA used in the RT reaction. In gen-
eral, total RNA works well for a reliable relative quantification 
of large sets of different target mRNAs [30]. For the experi-
ments shown here, we have used Illustra QuickPrep Micro 
mRNA Purification Kit and IllustraRNAspin Mini Kit (GE 
Healthcare Life Sciences).

 4. Many retrotranscriptase and DNA-polymerase options are 
available. For analytical purposes (nonpreparative), any high- 
amplification efficiency and high GC content tolerant Taq- 
polymerase is well suited. We commonly use RevertAid™ 
reverse transcriptase, oligo(dT)18 primers (stock 100 μM), 
and RiboLock RNase inhibitor from Fermentas. In the experi-
ments shown in Fig. 1, GC-rich DNA polymerase from Roche 
was used. dNTPs mixes often come in the Master mix of some 
commercial kits or can be purchased separately. For RT, we use 
a commercial dNTP mix (4 × 10 mM; 40 mM total) from 
Fermentas. For PCR, we prepare a stock dNTP mix 4 × 2.5 mM 
(10 mM total) from the individual dNTPs.

 5. When small differences in size (for amplicons between 250 and 
750 bp), or when small amplicons have to be compared, 
1% – 2 % agarose gels are convenient. The gels shown in Fig. 1 
were visualized by staining with 0.6 μg/ml ethidium bromide, 
but alternative less-toxic DNA stainers, such as GelRed™ or 
GelGreen™, are already available.

 6. There are a wide variety of programs and online tools for qPCR 
primer design (see, for instance, http://molbiol-tools.ca/PCR.
htm). When a relatively large number of different genes are going 
to be analyzed, as in the case of the PTPome analysis, the use of 
sets of prevalidated commercial primers from the same source 
gives the advantage of more homogeneous optimal amplification 
conditions. In the experiments shown in Figs. 2, 4 and 5, we 
have used QuantiTect Primer Assays (QIAGEN) primers.

 7. In the experiments shown here, we have used SYBR® Green- 
based reagents (Roche Applied Science), but other dyes are 
also suitable for use.

 8. For proper comparison, the DNA amplified fragments should 
be of similar size, and the pairs of primers should have a similar 
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Tm. For the experiments shown in Fig. 1, the length of the 
MKP primers was between 18 and 22 mer, and the Tm (calcu-
lated as (G + C) × 4 + (A + T) × 2) was 62–64.

 9. The ratio of absorbance at 260/280 nm for RNA should be 
around 2.0.

 10. The ratio of absorbance at 260/280 nm for cDNA should be 
around 1.8. Sometimes removal of the template RNA is neces-
sary by treating the RT reaction with RNase H before per-
forming the PCR reaction.

 11. In this method, the amplified band is the end product of the 
PCR reaction. This makes important to work with amounts of 
RNA and cDNA that allow visualization of differences. The 
number of PCR cycles for semi-quantitative PCR should be 
optimized to avoid oversaturation of the PCR reaction prod-
uct. 30–35 cycles is a good range depending on the relative 
intensity of the bands of interest. To avoid false negatives and 
false positives, sometimes it is convenient to separate the reac-
tions in two groups and amplify each group with different 
number of cycles. Note that in such case, comparisons have to 
be made within each group of PTPs.

 12. A typical run for the melting curve is 95 °C, 15 s; 55 °C, 40 s. 
An additional control of specificity is to run the PCR product 
on an agarose gel to check the appropriate size of the  amplicon. 
Note that sometimes amplicons from qPCR are of small size 
(see Note 5).

 13. In practical terms, for a standard curve made with decimal 
dilutions of template, E = 2 means that 3.32 cycles more are 
needed to reach the Cq when using ten times less template 
(slope = −3.32 means 100 % efficiency).

 14. It is convenient to have the PTPome primers in a 384-w primer 
stock plate, and make the transferring to the PCR working 
plate using a 12-channel 384-w multipipette. Alternatively, 
transferring can be made using an 8-channel 96-w multipi-
pette, but taking six alternate wells each transfer, two transfers 
per row (an 8-channel 96-w multipipette will dispense samples 
to alternate wells in a 384-w plate). For two conditions 
(“untreated” vs. “treated”) and technical triplicates, 48 genes 
can be analyzed in one 384-w plate. For two conditions 
(“treated” vs. “untreated”) and technical duplicates, 72 genes 
can be analyzed in one 384-w plate. It is recommended to use 
technical triplicates.

 15. There are different qPCR devices and detection systems, which 
have to be compatible. In the experiments shown here, we have 
used a LightCycler™ 480 thermocycler and the corresponding 
SYBR™ Green I Master Mix (Roche Applied Science).
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 16. The reference genes chosen for the experiments shown in 
Figs. 4 and 5 were HPRT1/hypoxanthine phosphoribosyl-
transferase 1, ACTB/β-actin, and GAPDH/glyceraldehyde- 3- 
phosphate dehydrogenase (see also Note 2).
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    Chapter 3   

 Expression, Purifi cation, and Kinetic Analysis 
of PTP Domains                     

     Mihaela     Mentel    ,     Rodica     A.     Badea    ,     Georgiana     Necula - Petrareanu    , 
    Sujay     T.     Mallikarjuna    ,     Aura     E.     Ionescu    , and     Stefan     E.     Szedlacsek      

  Abstract 

   Protein tyrosine phosphatases (PTP) are a large group of enzymes which work together with protein tyro-
sine kinases to control the tyrosine phosphorylation of proteins, thus playing a major role in cellular signal-
ing. Here, we provide detailed protocols for expression and purifi cation of the catalytic domain of RPTPμ 
and full length Eya3 as well as the extracellular region of PTPBR7. Methods are described for evaluation of 
the purity of the recombinant proteins thus obtained. For the purifi ed Eya3 phosphatase we provide proto-
cols for enzyme activity assay using either chromogenic, fl uorescent, or peptide substrates. Determination 
of kinetic parameters by different graphical and computer-based procedures is also described.  

  Key words     PTP domains  ,   6×His and GST tagged recombinant proteins  ,   Prokaryotic expression  , 
  Eukaryotic expression  ,   PTP purifi cation  ,   PTP kinetics  ,   pNPP  ,   DiFMUP  ,   Phosphopeptide  

1      Introduction 

     Since the  discovery   of tyrosine  phosphorylation    in   proteins [ 1 ,  2 ] 
 major   progress  has   been made in elucidating its role in cellular 
signaling. The balance of tyrosine  phosphorylation   in cell, which is 
crucial for normal cellular homeostasis and disease, is a result of 
opposing actions of  protein tyrosine kinases (PTKs)   and protein 
tyrosine phosphatases (PTPs)   . Although early investigations 
regarding tyrosine  phosphorylation   were almost exclusively cen-
tered on PTKs,    later studies clearly revealed that  PTPs   play a key 
role in  signal transduction   [ 3 ]. 

 The superfamily of  PTPs   has a large number of representatives. 
Thus, there are 107  PTP   genes in human genome [ 4 ]. They can be 
classifi ed into four subfamilies based on their amino acid sequences 
and functional characteristics. Class I, the major group of  PTPs  , 
shares the conserved (H/V)C(X) 5 R(S/T) sequence called “ PTP 
   signature motif  .” This sequence contains the active-site cysteine 
which plays the essential role of nucleophile in the catalytic 
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 mechanism of  dephosphorylation  . There are two subclasses in 
Class I  PTPs  : the subclass of classical, phospho-tyrosine-specifi c 
 PTPs   and the subclass of dual-specifi c phosphatases which recog-
nize and dephosphorylate not only  phospho-tyrosine   but also 
phospho- serine/phospho-threonine. Class II contains the low 
molecular weight or acid phosphatases which act on tyrosine phos-
phorylated proteins as well as on some natural and synthetic aryl- 
and acyl- phosphates. Members of Class III contain also an essential, 
active- site cysteine and include several cell-cycle regulatory phos-
phatases. Class IV diverges from the other classes as its members 
do not share the  PTP    signature motif   and do not use cysteine as a 
nucleophile in catalytic mechanism. Instead, they use a nucleo-
philic aspartic acid residue in a metal ion-dependent catalytic 
mechanism. 

 The structural architecture of  PTPs   is frequently multimodular 
due to the presence of various functional domains. Thus, the recep-
tor-like PTP (RPTPs)    group of classical  PTPs   contains in the extra-
cellular region domains like: CAH (carbonic anhydrase-like), MAM 
(meprin/A5/μ), Ig (Immunoglobulin-like), or Fn (fi bronectin 
type III-like). The intracellular region of  RPTPs   contains a mem-
brane-proximal catalytic domain and, in case of some representa-
tives, also a membrane-distal domain which is either inactive or has 
residual catalytic activity. The non-transmembrane group of classi-
cal  PTPs   contains, besides the catalytic domain, various noncatalytic 
domains like: HD (histidine domain), Pro (Proline-rich), SH2 (Src-
homology 2), Sec14 (Sec14/cellular retinaldehyde- binding pro-
tein-like),    KIM (kinase-interaction motif), FERM (4.1 protein/
ezrin/radixin/moesin), or PDZ (PSD95/Dlg1/zo-1) [ 5 ]. 

 Although  PTPs   have been studied since decades, there are still 
numerous unknowns concerning their molecular characteristics 
which need in-depth investigations. For example, novel crystal 
structures of  PTPs   are expected to be obtained. Despite the rela-
tively high number of crystal structures of  PTP   catalytic domains 
so far reported, there are very few structures of extracellular 
regions of  RPTPs  , full-length non-receptor-like  PTPs  , or com-
plexes between  PTPs   and their protein  ligands   (including  phospho- 
tyrosine  - containing protein substrates). On the other hand protein 
crystallization as other experimental approach requires reasonable 
amounts of pure, active protein preparations. Another example of 
research area which needs purifi ed protein and which can lead to 
fi nding novel molecular characteristics of  PTPs   is substrate speci-
fi city studies. Indeed, identifi cation of factors that determine sub-
strate specifi city, identifi cation of novel substrates, and 
characterization of  PTPs   interaction with their physiological sub-
strates are major research targets for many representatives of  PTPs 
  superfamily. 

 Here, we provide robust expression, purifi cation, and kinetic 
analysis protocols for catalytic domains of an  RPTP   from Class I, 
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subclass R2A (human RPTPμ or PTPRM), a full-length  PTP   from 
Class IV (human Eya3), and the extracellular region of an  RPTP 
  from Class I, subclass R7 (mouse  PTPBR7   or PTPRR). The pro-
tocols described here contain specifi c experimental details for the 
mentioned  PTPs  . However, the protocols can be easily extended 
to other similar  PTP   representatives.  

2    Materials 

 All mentioned chemicals should be of reagent grade. All solutions 
should be prepared in ultrapure water (deionized water purifi ed to 
attain a resistivity of 18 MΩ at 25 °C) and fi ltered through a 45 μm 
fi lter. Solutions are stored at room temperature unless indicated. 

         1.      Prokaryotic expression   vectors    ( see   Note    1  ).   
   2.    Chemically competent  E. coli  strains ( see   Note    2  ).   
   3.    Liquid Luria-Bertani (LB) medium: add 10 g Bacto-Tryptone, 

5 g Bacto- Yeast   extract, and 10 g NaCl to 900 mL of ultrapure 
water. Adjust pH to 7.0 with NaOH and bring to a fi nal vol-
ume of 1 L. Autoclave 20 min at 121 °C.   

   4.    Ampicillin (Amp) stock solution: make 100 mg/mL solution 
in ultrapure water, fi lter sterilize using a 0.22 μm fi lter, and 
aliquot to an appropriate volume. Make aliquots and store at 
−20 °C. Use it at a fi nal concentration of 100 μg/mL in LB 
medium.   

   5.    LB agar plates with Amp ( see   Note    3  ).   
   6.    Isopropyl-thio-β- D -galactopyranoside (IPTG), stock solution: 

prepare a 500 mM solution and fi lter sterilize. Make 1 mL 
aliquots and store at −20 °C, in the dark.   

   7.    Block heater.   
   8.    Shaker incubator.   
   9.    Spectrophotometer.      

       1.       Eukaryotic expression vector   pHLsec-Ecto-PTPBR7, contain-
ing  the   gene encoding for the extracellular region of PTPBR7 
fused with a 6×His- tag   ( see   Note    4  ).   

   2.    Mammalian HEK293T (ATCC CRL-3216) and 293S (  ATCC ®  
CRL-3022    ) cell lines.   

   3.    The complete growth media used Dulbecco’s Modifi ed Eagle’s 
Medium (DMEM) high glucose with Glutamax  supplemented 
with 1× non-essential amino acids (NEAA) and 10 % fetal 
bovine serum (FBS).   

   4.    Plasmid DNA purifi cation kit.   

2.1  PTP Domains 
Expression

2.1.1  Prokaryotic 
Expression of PTP Domains 
(Exemplifi ed by 
Expressions of hEya3 and 
hRPTPμD1)

2.1.2  Eukaryotic 
Expression of PTP Domains 
(Exemplifi ed by Expression 
of the Extracellular Region 
of PTPBR7–Ecto- PTPBR7)

Expression, Purifi cation, and Kinetic Analysis of PTP Domains
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   5.     Transfection   reagent: polyethylenimine (PEI). Make an aqueous 
stock solution of 1 mg/mL PEI, adjust to pH 7 with HCl, fi lter 
sterilize and make aliquots and store at –20°C ( see   Note    5  ).   

   6.    Expanded surface polystyrene roller bottles of 2125 cm 2 .   
   7.     Phosphate  -buffered saline 1× (PBS-1×): 1.8 mM KH 2 PO 4 , 10 

mM Na 2 HPO 4 , 137 mM NaCl, and 2.7 mM KCl, pH 7.4.   
   8.    0.05 % Trypsin-EDTA.   
   9.    Sterile serological pipettes (2, 5, 10, 25 mL).   
   10.    Sterile cell culture plastics.   
   11.    Rotating incubator (37 °C, 5 % CO 2 ).          

     For hRPTPμ D1 catalytic domain (hRPTPμD1):

    1.     Glutathione-Sepharose 4B.      
   2.     GST  -LyB buffer (lysis buffer): 137 mM NaCl, 4.3 mM 

Na 2 HPO 4 , 1.47 mM KH 2 PO 4 , 2.7 mM KCl, pH 7.4, 1 % 
Triton X-100, 4 mM DTT, 1 mM PMSF, and  protease inhibi-
tor   cocktail EDTA-free.   

   3.     GST  -WB buffer (washing buffer): 137 mM NaCl, 4.3 mM 
Na 2 HPO 4 , 1.47 mM KH 2 PO 4 , 2.7 mM KCl, pH 7.4, 1 % 
Triton X-100, 4 mM DTT, and 1 mM PMSF.   

   4.     GST  -EB buffer (elution buffer): 50 mM Tris–HCl pH 8.0, 
and 10 mM reduced glutathione.   

   5.    Conical centrifuge tubes.   
   6.    Amicon Ultra-4 centrifugal fi lter unit with 50 kDa Nominal 

Molecular Weight Limit (NMWL).   
   7.    0.2 μm membrane fi lters.   
   8.    Eppendorf tubes.   
   9.    Cooling centrifuge.   
   10.    French press.      

   For hEya3:

    1.    HisTrap HP—5 mL immobilized metal ion affi nity chroma-
tography (IMAC) columns (GE Healthcare).   

   2.    Lysis buffer (LyB): 50 mM Tris–HCl pH 7.4, 350 mM NaCl, 
20 mM imidazole, 2 mM DTT, 2 mM MgCl 2 , 0.1 % Triton 
X-10, and 1×  protease inhibitor   cocktails or 1 mM PMSF ( see  
 Note    6  ).   

   3.    Binding buffer for affi nity purifi cation (BBAP): 50 mM Tris–
HCl pH 7.4, 350 mM NaCl, 20 mM imidazole, 2 mM DTT, 
2 mM MgCl 2 , and 0.1 % Triton X-10 ( see   Note    6  ).   

2.2  Recombinant 
Protein Purifi cation

2.2.1  Affi nity 
Chromatography 
on Glutathione- Sepharose

2.2.2  Affi nity 
Chromatography 
on Ni-Sepharose
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   4.    Elution buffer for affi nity purifi cation (EBAP): 50 mM Tris–
HCl pH 7.4, 350 mM NaCl, 500 mM imidazole, 2 mM DTT, 
2 mM MgCl 2 , and 0.1 % Triton X-100 ( see   Note    6  ).   

   5.    Amicon Ultra-4 and -15 Centrifugal fi lter Units with 50 kDa 
NMWL.   

   6.    0.2 μm membrane fi lters.   
   7.    Probe Sonicator.      
 For Ecto-PTPBR7:
    1.     Ni- Sepharose   High Performance.   
   2.    Sepharose washing buffer 1: 10 mM Tris–HCl, 150 mM NaCl, 

and 2 mM imidazole pH 8.0.   
   3.    Sepharose washing buffer 2: 10 mM Tris–HCl, 150 mM NaCl, 

and 5 mM imidazole pH 8.0.   
   4.    Elution buffer: 10 mM Tris–HCl, 150 mM NaCl, and 250 

mM imidazole pH 8.0.   
   5.    0.2 μm membrane fi lters.   
   6.    Centricon Plus-70 Centrifugal fi lter unit with 10 kDa NMWL.   
   7.    Empty columns for collecting the Ni-Sepharose beads.   
   8.    Endo-H enzyme.   
   9.    PNGase F enzyme (NEB).       

   For hEya3:

    1.    MonoQ 5/ 50GL   strong anion exchange column.   
   2.    Binding buffer for anion exchange (BBAE): 50 mM Tris–HCl 

pH 7.4, 50 mM NaCl, 2 mM DTT, and 2 mM MgCl 2  ( see  
 Note    6  ).   

   3.    Elution buffer for anion exchange (EBAE): 50 mM Tris–HCl 
pH 7.4, 1 M NaCl, 2 mM DTT, and 2 mM MgCl 2  ( see   Note    6  ).      

   For hEya3,    hRPTPμD1 and Ecto- PTPBR7  :

    1.    Superdex 75 10/300 GL prepacked, high-resolution,  size 
exclusion chromatography   column.   

   2.    20 % ethanol ( see   Note    6  ).   
   3.    Fraction collecting tubes.   
   4.    Gel fi ltration buffers (GFB) ( see   Note    6  ).

 ●    GFB for hEya3: 50 mM Tris–HCl pH 7.4, 100 mM NaCl, 
2 mM DTT, 2 mM MgCl 2 .  

 ●   GFB for hRPTPμD1: 50 mM Tris–HCl pH 7.5, 150 mM 
NaCl, 10 % glycerol, 4 mM DTT, and 0.5 mM PMSF.  

 ●   GFB for Ecto- PTPBR7  : 10 mM HEPES pH 7.5, and 150 
mM NaCl.       

2.2.3  Anion Exchange 
Chromatography

2.2.4  Size Exclusion 
Chromatography

Expression, Purifi cation, and Kinetic Analysis of PTP Domains
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          1.     Solutions  for   SDS-PAGE gels ( see   Note    7  ):
 ●    4× running gel buffer: 1.5 M Tris–HCl pH 8.8.  
 ●   4× stacking gel buffer: 0.5 M Tris–HCl pH 6.8.  
 ●   30 % acrylamide/bis-acrylamide solution (37.5:1).  
 ●   10 % sodium dodecyl sulfate solution (SDS).  
 ●   10 % ammonium persulfate (APS) solution.  
 ●    N , N , N ′, N ′-tetramethyl-ethylenediamine (TEMED).      

   2.    5× SDS-PAGE running buffer pH 8.3: 125 mM Tris Base, 960 
mM glycine, and 0.5 % SDS. The pH should be around 8.3 
without adjusting. Dilute 1:5 with ultrapure water, before usage.   

   3.    5× SDS-PAGE reducing loading buffer (5× RLB): 60 mM 
Tris–HCl pH 6.8, 2 % SDS, 0.01 % bromophenol blue, 10 % 
glycerol, and 100 mM β-mercaptoethanol. Store at −20 °C in 
small aliquots.   

   4.    Coomassie blue staining solution: 2.4 g/L Coomassie blue, 
0.5 L ethanol, 0.48 L acetic acid, 0.12 L distilled water.   

   5.    Destaining solution: 20 % acetic acid in ultrapure water.   
   6.    10× Transfer buffer: 250 mM Tris Base, and 1.9 M glycine. 

The pH should be around 8.3 without adjusting. Store at 4 
°C. Before use, dilute 1:10 with ultrapure water plus 10 % 
methanol or ethanol ( see   Note    8  ).   

   7.    TBS-T buffer: 20 mM Tris–HCl pH 7.5, 150 mM NaCl, and 
0.1 % Tween-20.   

   8.    Blocking buffer: 5 % non-fat skim milk in TBS-T.   
   9.    Methanol (100 %) or ethanol (96–100 %) for activation of 

PVDF membrane ( see   Note    8  ).   
   10.    Polyvinylidene fl uoride (PVDF) membrane, 45 μm pore size.   
   11.    Primary antibody polyclonal rabbit anti- GST  .   
   12.    PentaHis monoclonal primary antibody.   
   13.    Secondary antibodies: anti-rabbit and anti-mouse conjugated 

with HRP.   
   14.    Chemiluminescence (ECL) detection kit.   
   15.    X-ray fi lms.   
   16.    Plastic box.   
   17.    Molecular weight markers for SDS-PAGE and  Western blotting  .   
   18.    Mini-Protean protein electrophoresis system.   
   19.    Semidry transfer system.       

       1.    Purifi ed recombinant 6×His-hEya3 protein.   
   2.    Bradford assay kit.   
   3.    Water LC-MS CHROMASOLV ® .   

2.3  Analysis of 
Purifi ed Proteins by 
SDS-PAGE and 
Western Blotting

2.4  Mass 
Spectrometric 
Analysis
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   4.    Eppendorf tubes.   
   5.    Nitrile gloves.   
   6.    Protein denaturation buffer: 8 M urea solution in 50 mM Tris–

HCl pH 8, freshly prepared.   
   7.    Protein  reduction   buffer: 200 mM DTT solution in 50 mM 

(NH 4 ) 2 CO 3  (LC-MS grade) freshly prepared with LC-MS 
CHROMASOLV ®  water.   

   8.    Protein alkylation buffer: 200 mM iodoacetamide solution in 
50 mM (NH 4 ) 2 CO 3 , freshly prepared with LC-MS 
CHROMASOLV ®  water.   

   9.    rLysC, Mass Spec Grade.   
   10.    Chymotrypsin,  Sequencing   Grade.   
   11.    Pierce™ C18 Tips 100 μL.   
   12.    Sample treatment solution: 2.5 % trifl uoroacetic acid (TFA) in 

water.   
   13.    Elution solution: 0.1 % formic acid (FA, LC-MS Grade) in 

70 % acetonitrile (ACN, LC-MS Grade), up to 100 μL per 
sample.   

   14.    SpeedVac ® , for removing the solvent from peptide solution 
obtained after desalting procedure.   

   15.    Nano-liquid chromatography (nLC) vials.   
   16.    Resuspension buffer and mobile phase A for nLC: 0.1 % FA in 

2 % ACN:water.   
   17.    Mobile phase B for nLC: 0.1 % FA in ACN. nLC coupled with 

a hybrid LTQ-Orbitrap mass spectrometer. The chromato-
graphic system should be composed of a desalting C18 trap 
column connected with an analytical C18 column for peptide 
separation.   

   18.    Proteome Discoverer v1.4 program, containing SEQUEST or 
Sequest HT algorithms, or v1.3, containing SEQUEST.      

       1.      Bradford assay kit.   
   2.     pNPP   ( para - nitrophenyl   phosphate)  as   a  chromogenic   PTP 

 substrate.  
 ●    100 mM pNPP stock solution ( see   Note    9  ).  
 ●   10 mM pNP in ethanol (for standard curve).  
 ●   10× Assay buffer: 200 mM HEPES pH 7, 1500 mM NaCl, 

and 100 mM MgCl 2 .  
 ●   Disposable cuvettes.      

   3.     DiFMUP (6,8-difl uoro-4-methylumbelliferyl phosphate)   as a 
fl uorescent PTP  substrate.  

 ●    10 mM DiFMUP in DMSO, store at −20 °C in single-use 
aliquots.  

2.5  Tyrosine 
Phosphatase Assays
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 ●   Assay buffer: 20 mM MES pH 6.5, 100 mM NaCl, 10 
mM MgCl 2  and 5 mM DTT.  

 ●   Black 96-well plates, fl at bottom, nontreated.      
   4.    Phospho-H 2 AX as a peptide substrate for hEya3 PTP.

 ●    H2AX-pY142 peptide sequence: Acetyl-CPSGGKKATQ
ASQE(pY)-NH 2 .  

 ●   10× Assay buffer: 200 mM MES pH 6.5, 1 M NaCl, 100 
mM MgCl 2 , and 50 mM DTT ( see   Note    10  ).  

 ●   2 mM H 2 AX-pY142  phosphopeptide  : dissolve 2.5 mg of 
peptide in 100 μL of 50 % DMSO and 650 μL of 50 mM 
Tris-Cl pH 7.6, 150 mM NaCl ( see   Note    11  ).  

 ●   Clear 96-well plates, fl at bottom, nontreated.  
 ●   BIOMOL Green reagent for  phosphate   detection (Enzo 

Life Sciences).            

3    Methods 

           1.     Transform  DH5α   competent cells with pGEX-KT-hRPTPμD1 
prokaryotic expression vector ( see   Note 1  ). Thaw a 50 μL 
aliquot of DH5α competent cells on ice. Add 1 μL (~100–
200 ng DNA) of the vector and incubate ~10 min on ice. Heat 
shock the cells for 1 min at 42 °C and put them quickly on ice 
for 2 min. Spread the cell suspension on a LB agar plate sup-
plemented with Amp using a sterile spreader. Incubate over-
night at 37 °C ( see   Note    12  ).   

   2.    Prepare a starter culture, pick a single colony of the trans-
formed DH5α to inoculate 40 mL of LB medium with 100 
μg/mL Amp (LB-Amp). Incubate the bacterial inoculum at 
37 °C overnight with shaking ( see   Note    13  ).   

   3.    Next morning, centrifuge the starter culture 5 min at 5000 ×  g  
at room temperature, resuspend the pellet into 10 mL fresh LB 
medium, and add into 990 mL LB-Amp. In our lab, we 
 typically use cultures of 2 L for  prokaryotic expression   of 
hRPTPμD1 ( see   Note    14  ).   

   4.    Incubate the culture with shaking at 37 °C until the optical 
density of the culture at 600 nm (OD 600 nm ) (measured with a 
spectrophotometer/colorimeter covering the visible region of 
the spectrum) reaches 0.3 ( see   Note    15  ). This typically takes 
about 3 h.   

   5.    Shift the culture temperature to 25 °C and continue the culture 
growth, until OD 600 nm  is between 0.6 and 0.7 ( see   Note    16  ).   

   6.    Induce protein expression by adding IPTG stock solution to 
0.1 mM fi nal concentration. Keep shaking overnight at 
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25 °C. Before induction, take a “before induction sample” 
(BI) by collecting the cells from 1 mL culture. Store the sam-
ple at −20 °C.   

   7.    After about 16–18 h of expression, harvest the cells by cen-
trifugation at 7000 ×  g  for 10 min, at 4 °C, and use the cells 
directly for protein purifi cation or store the cells at −80 °C 
until processing.       

           1.    Thaw the bacterial pellet on ice.   
   2.    Resuspend the pellet in  GST  -Ly buffer (~35 mL for a cell pel-

let collected from 1 L bacterial culture) and homogenize thor-
oughly using a glass douncer ( see   Note    17  ).   

   3.    Pass the homogenized suspension through a French press four 
times (pressure: 1000 psi) to disrupt the membrane of the bac-
terial cells ( see   Note    18  ). Take now the “whole lysate” sample 
(WL), collecting a small volume (~20–30 μL) of cell suspen-
sion for SDS-PAGE. 

 Centrifuge the lysate at 20,000 ×  g , for 20 min at 4 °C. Take 
the “soluble protein” sample (S) by collecting a small volume 
(~20–30 μL) of supernatant for SDS-PAGE. Next, discard the 
pellet and submit the supernatant to the fi rst purifi cation step.   

   4.    Affi nity chromatography on Glutathione-Sepharose:
 ●     Prepare  the   Glutathione-Sepharose resin: gently shake the 

bottle of Glutathione- Sepharose to resuspend the resin 
and pick up 700 μL slurry. Cut off with a scissors about 
1 mm of the pipet tip and use this tip to pipette the slurry. 
Equilibrate the beads by washing with at least 3 volumes of 
GST-WB buffer for three times. Between washes, spin 
down the beads 3 min, 1000 ×  g , at 4 °C.  

 ●   Put the supernatant resulted after cell lysis in a 50 mL fal-
con tube. Add ~700 μL Glutathione-Sepharose resin (50 % 
slurry equilibrated with GST-WB buffer) and incubate 1 h 
at 4 °C, on a tube rotator.  

 ●   Spin down the resin by centrifugation 3 min at 1000 ×  g  
and transfer it into a 2 mL Eppendorf tube. Take the “fl ow 
through” (FT) sample by collecting a small volume (20–
30 μL) from the supernatant, after protein adsorption on 
the resin.  

 ●   Wash the resin three to fi ve times, 10 min each, at 4 °C, 
with 1.5 mL GST-WB. Centrifuge the resin 3 min at 
1000 ×  g . Take a small volume of beads (10 μL) for SDS- 
PAGE, using a cut-off pipet tip. This sample is “protein 
adsorbed on the beads” (denoted “B”).  

 ●   Elute the resin with GST-EB buffer four times (~1 mL 
GST-EB to 350 μL beads). For each elution incubate 

3.1.2  Purifi cation 
of hRPTPμD1

Expression, Purifi cation, and Kinetic Analysis of PTP Domains



48

5 min at 4 °C rotating the tube on a tube rotator. Take a 
small volume (20–30 μL) of each eluted fraction for 
SDS-PAGE.  

 ●   Analyze the collected elution fractions (E1–E4) together 
with the previous samples: BI, WL, S, B and FT by 10 % 
SDS-PAGE (Fig.  1a ).

 ●      Put together the eluted fractions containing the purifi ed 
protein, add 10 % glycerol, and resuspend gently (without 
making foam) ( see   Note    19  ). Store the protein at −80 °C 
until the next purifi cation step.       

   5.    Size exclusion chromatography:
 ●     Start the FPLC-ÄKTA system ( see   Note    20  ).  
 ●   Connect the  Superdex   75 10/300 GL column to the sys-

tem ( see   Note    21  ).  
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  Fig. 1    Analysis of expression and purifi cation of hRPTPμD1. ( a ) SDS-PAGE analysis of the expression and 
 purifi cation   by affi nity chromatography of RPTPμD1, N-terminally fused with  GST  . Gel was stained with 
Coomassie:  BI  bacterial cells before induction of the protein expression with IPTG,  WL  whole lysate,  S  soluble 
proteins,  B  protein adsorbed on Glutathione-Sepharose beads,  E1–E4  eluted protein,  FT  fl ow through,  M  low 
molecular weight marker. ( b )RPTPμD1 elution profi le  after   size exclusion chromatography ( left ) and SDS-PAGE 
analysis of the peak fractions ( right ):  CP  protein purifi ed by  affi nity chromatography and   concentrated on 
Amicon Ultra 50-K,  8 – 12  fractions of purifi ed protein. Gel was stained with Coomassie. ( c ) Immunoblotting 
detection of the purifi ed  Glutathione  S -transferase (GST)   GST-RPTPμD1, detected with anti-GST antibody. All 
electrophoretic separations of proteins were performed in 10 % SDS-PAGE gels       
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 ●   Wash the column with at least one column volume (25 
mL) of ultrapure degassed water, to remove the column 
storage solution (20 % ethanol) and then equilibrate it with 
at least one column volume (25 mL) of GFB buffer (fl ow 
rate of 0.8 mL/min).  

 ●   Thaw the protein  purifi ed   by affi nity chromatography from 
−80 °C, and centrifuge at 20,000 ×  g  for at least 15 min, at 
4 °C (to remove the precipitated protein). Collect the 
supernatant carefully.  

 ●   Concentrate the supernatant to ~250 μL volume by cen-
trifugation on Amicon Ultra-4 centrifugal fi lter unit with 
50 kDa NMWL at 5000 ×  g , 4 °C.  

 ●   Inject the prepared sample into the column using a suit-
able loop.  

 ●   Wash the column with at least 1 volume GFB (fl ow rate of 
0.8 mL/min) and collect fractions of 1 mL volume.  

 ●   After protein separation wash the column with 50 mL 
water (fl ow rate of 0.8 mL/min) and then with 30 mL of 
20 % ethanol ( see   Note    26  ). Detach the column from the 
ÄKTA system and keep it at 4 °C ( see   Note 21 ).  

 ●   Analyze the collected fractions by 10 % SDS-PAGE 
(Fig.  1b ).  

 ●   Put together the fractions containing the pure protein, add 
10 % glycerol, and mix gently (to avoid foaming).  

 ●   Determine the total protein concentration by Bradford 
method (or any other method used in your lab).  

 ●   Make aliquots of volumes adequate for your next assays 
and store aliquots at −80 °C ( see   Note    22  ).          

         1.    Prepare 10 % SDS-PAGE gels using your lab protocol.   
   2.    Prepare SDS samples: mix the samples taken after each step of 

protein expression and purifi cation with 5× RLB, boil the sam-
ples for 5 min at 100 °C, then centrifuge at 13,000 × g for 
1 min at room temperature. Prepare the molecular marker as 
specifi ed by the manufacturer.   

   3.    Prepare the electrophoresis system according to the manufac-
turer’s instructions.   

   4.    Load 10 μL of each prepared sample on gel. Do not forget to 
load the molecular weight marker on the gel.   

   5.    Run gels about 40 min at 35 mA/gel. When the blue line is 
out of the gel, stop the device and place the gels into a clean 
plastic box with lid, suitable for microwave device.   

   6.    Coomassie blue staining of gels: add solution to fully cover the 
gels (the volume depends on the box size), place the box in a 
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microwave device for 30–60 s then incubate for 3 min on a 
rocker ( see   Note    23  ).   

   7.    Destaining of the gels: wash gels with plenty of distilled water 
and cover gels with destaining solution, place the box again in 
a microwave for 30–60 s and let on a rocker for 5 min. Repeat 
the destaining steps until the protein bands become visible 
(usually is enough three to four times).   

   8.    Analyze the gels. Collect the fractions containing the protein 
of interest (the molecular weight of RPTPμD1 is 68.6 kDa).      

       1.     Run the SDS samples on a 10 % SDS-PAGE  gel   (use the same 
procedure like in Subheading  3.1.3 ,  steps 1 – 5 ).   

   2.    Prepare the PVDF membrane ( see   Note    24  ).   
   3.    Transfer the proteins from the gel on a PVDF membrane for 1 

h at 80 mA/gel, using a semidry transfer system.   
   4.    Take the membrane from the transfer system, remove the 

excess membrane by cutting its margins with a scissors and lay 
the membrane into a plastic box.   

   5.    Add blocking buffer to cover the PVDF membrane and incu-
bate for 1 h at room temperature or overnight at 4 °C, on a 
rocker.   

   6.    Cover the membrane with the primary antibody, anti-GST in 
blocking buffer and incubate for 1 h at room temperature.   

   7.    Rinse the membrane with 10–20 mL TBS-T, three times for 
10 min at room temperature, to remove the unbound primary 
antibody.   

   8.    Cover the membrane with the appropriate secondary antibody 
and incubate for 1 h at room temperature.   

   9.    Rinse the membrane with 10–20 mL TBS-T, three times for 
10 min at room temperature, to remove the excess of second-
ary antibody.   

   10.    Incubate the membrane with mixed ECL kit solutions accord-
ing to the manufacturer’s instructions.   

   11.    Expose the membrane to a X-ray fi lm. The time of exposure 
depends on the protein concentration, antibodies affi nity, and 
ECL kit sensitivity (Fig.  1c ).        

         1.      Introduce   the pHAT 2 -hEya3 plasmid carrying the hEya3 gene 
into  BL21(DE3)RIL  cells by heat-shock  transformation   ( see  
 Note    12  ). Proceed like in Subheading  3.1.1 ,  step 1 .   

   2.    Pick one colony from the plate and inoculate 20 mL of LB- 
Amp and incubate it at 37 °C overnight ( see   Note    13  ).   

   3.    Centrifuge the 20 mL overnight culture in a sterile falcon tube 
at 5000 ×  g  for 10 min, remove the supernatant and resuspend 
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the pellet in fresh 30 mL of LB-Amp, and fi nally add to 1 L 
 LB- Amp ( see   Note    14  ). Incubate the culture at 30 °C under 
shaking at 120 rpm until OD 600 nm  is about 0.7–0.9 ( see   Note  
  15  ). Add IPTG to a fi nal concentration of 0.3 mM, and return 
the fl ask to the incubator (keep the same parameters) for 16–18 
h. Take the “before induction” sample as in Subheading  3.1.1 , 
 step 6  (Fig.  2a ).

       4.    Next day, centrifuge the culture at 7000 ×  g  for 10 min. Then, 
either proceed to protein purifi cation or store the pellet at 
−80 °C.       
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  Fig. 2    Analysis of expression and purifi cation of hEya3 phosphatase. ( a ) SDS-PAGE analysis of the expression 
of recombinant hEya3 phosphatase:  M  low molecular weight protein marker,  BI  before induction,  WL  whole 
lysate,  S  soluble proteins. ( b )  Affi nity chromatography   elution profi le of hEya3 phosphatase ( left ) and SDS-
PAGE analysis of peak fractions visualized on a 10 % SDS-PAGE ( right ).  M  low molecular weight protein marker, 
 8 – 14  eluted fractions containing Eya3 phosphatase. ( c )    Anion exchange chromatography elution profi le of 
hEya3 phosphatase ( left ) and SDS-PAGE analysis of peak fractions visualized on a 10 % SDS-PAGE ( right ).  M  
low molecular weight protein marker,  9 – 13  eluted fractions containing Eya3 phosphatase. ( d ) Gel fi ltration 
elution profi le of hEya3 phosphatase ( right ) and SDS-PAGE analysis of peak fractions visualized on a 10 % 
SDS-PAGE ( left ).  M  low molecular weight protein marker,  62 – 68  eluted fractions containing Eya3 phosphatase. 
All gels were stained with Coomassie. ( e ) Example of sequence coverage of hEya3 (Q99504) obtained after 
sequential digestion with rLysC and Chymotrypsin and analysis by Collision-induced dissociation (CID). 
 Underlined  are the identifi ed hEya3 peptides       
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       1.    Cell lysis: thaw on ice the cellular pellet and resuspend it in 25 
mL LyB buffer ( see   Note    17  ). Disrupt the cells by sonication 
for 10–15 times, 10 s each at 70 % power with a Bandelin 
Sonicator (for effi cient cell lysis split the resuspended pellet in 
three tubes, with about 10 mL of culture, and perform sonica-
tion for each of them). Take the “whole lysate” sample like in 
Subheading  3.1.2 ,  step 3  (Fig.  2a ). After sonication, centri-
fuge the cell lysate for 25 min at 20,000 ×  g  and 4 °C. Keep the 
supernatant which contains  the   6×His-tagged hEya3 phospha-
tase and discard, as appropriate, the cellular pellet. Take “solu-
ble protein” sample, like in Subheading  3.1.2 ,  step 3  (Fig.  2a ). 
hEya3 phosphatase is further purifi ed by a three-step purifi ca-
tion protocol using a FPLC-ÄKTA system ( steps 2 – 4 ).   

   2.    Affi nity chromatography:
 ●      Prepare   the HisTrap HP column for purifi cation: connect 

the column to the system ( see   Notes    20   and   21  ).  
 ●   Wash the column with 25 mL water to remove the 20 % 

ethanol storage solution; wash the column with 25 mL 
EBAP and fi nally equilibrate it on BBAP buffer (fl ow rate 
of 5 mL/min).  

 ●   Inject the supernatant on the column, using a 50 mL 
SuperLoop (fl ow rate of 5 mL/min) ( see   Note    25  ).  

 ●   Wash column with BBAP until the absorbance 280 nm 
( A  280 nm ) reaches the baseline (fl ow rate of 5 mL/min).  

 ●   Elute the 6×His-tagged  hEya3   protein with EBAP buffer 
in gradient. Set the gradient to reach 50 % of EBAP buffer 
in 40 min (fl ow rate 1 mL/min). Collect 1 mL fractions.  

 ●   Prepare the column for storage: set the gradient to reach 
100 % of EBAP buffer and run fi ve column volumes (25 
mL) to clean the column. Next, wash with 25 mL water 
and then with 25 mL of 20 % ethanol.  

 ●   All peak fractions are analyzed by SDS-PAGE, and those 
corresponding to the protein of interest are saved for fur-
ther purifi cation steps and stored with 10 % glycerol at 
−80 °C (Fig.  2b ).       

   3.    Anion exchange chromatography:
 ●      Prepare   the MonoQ 5/50 GL column: connect the col-

umn to the system ( see   Notes    20  and  21  ); use 5 mL water 
to remove the 20 % ethanol storage solution; wash the col-
umn with 5 mL EBAE and fi nally equilibrate it on BBAE 
buffer (fl ow rate of 1 mL/min).  

 ●   Thaw on ice the protein saved from the previous purifi ca-
tion step ( step 2 ), centrifuge at 4 °C and 20,000 ×  g  for 
30 min. Carefully, take the supernatant and exchange pro-
tein buffer to BBAE buffer using Amicon Ultra-15 
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Centrifugal fi lter Units. Collect the sample from the 
Amicon fi lter unit into an Eppendorf tube and centrifuge 
it at 4 °C and 20,000 ×  g  for 10 min. Inject the supernatant 
into the column using an appropriate size loop (fl ow rate 
of 1 mL/min) ( see   Note    25  ).  

 ●   Wash unbound proteins until  A  280 nm  reached baseline with 
BBAE.  

 ●   Elute hEya3 phosphatase in gradient of EBAE. Set the gra-
dient to reach 50 % of EBAP buffer in 40 min (fl ow rate 1 
mL/min). Collect 1 mL fractions.  

 ●   Prepare the column for storage: set the gradient to reach 
100 % of EBAE buffer and run for 5 mL. Next, wash with 
5 mL water and then with 5 mL of 20 % ethanol and store 
it at 4 °C ( see   Note    26  ).  

 ●   All peak fractions are analyzed by SDS-PAGE. Fractions 
corresponding to the protein of interest are saved for 
 further purifi cation steps and stored with 10 % glycerol at 
−80 °C (Fig.  2c ).       

   4.    Size exclusion chromatography:
 ●      Prepare   Superdex 75 10/300 GL column: connect the 

column to the system ( see   Notes    20   and   21  ).  
 ●   Thaw on ice the protein fraction stored at −80 °C (from 

 step 3 ), then centrifuge at 4 °C and 20,000 ×  g  for 30 min. 
Carefully, take the supernatant and concentrate it to at 
least 250–300 μL using Amicon Ultra-4 Centrifugal fi lter 
Units with 50 kDa cutoff.  

 ●   Collect the supernatant into an Eppendorf tube and cen-
trifuge it at 4 °C and 20,000 ×  g  for 10 min. Inject the 
supernatant onto the column using a 500 μL loop (fl ow 
rate of 0.8 mL/min) ( see   Note    25  ).  

 ●   Run at least one column volume on GFB and collect 1 mL 
fractions.  

 ●   Proceed like in Subheading  3.1.2 ,  step 5 .  
 ●   Analyze all peak fractions by SDS-PAGE. All fractions con-

taining the pure hEya3 protein are mixed together and ali-
quoted in 100 μL fractions (single-use aliquots). Proteins 
are stored with 10 % glycerol at −80 °C until are used in 
further experiments (Fig.  2d ).          

       1.    Prepare the 10 % SDS-PAGE gels using your lab protocol.   
   2.    SDS sample preparation: mix 10 μL from each fraction with 10 

μL of 5× RLB, boil for 5 min at 100 °C. Centrifuge samples for 
1 min to 13,000 ×  g .   

   3.    Prepare the electrophoresis system, load the samples in the gel 
and run the gel.   
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   4.    Stain and then destain the gels to visualize the protein bands 
( see  Subheading  3.1.3 ,  steps 6  and  7 ).   

   5.    Analyze the gels and collect the fractions which contain the 
highest quantity of pure hEya3 protein.      

       1.    Preparation of the protein for in-solution digestion: thaw an 
aliquot of hEya3 on ice. Centrifuge it for 20–25 min, at 4 °C 
and 20,000 ×  g . Carefully transfer the protein solution in a new 
Eppendorf tube. Measure the protein concentration using the 
Bradford assay kit. Take a volume corresponding to 2 μg of 
hEya3 and transfer it into a new Eppendorf tube.   

   2.    In-solution digestion:
 ●    Denaturation: add 8 M urea in 50 mM Tris–HCl pH 8 so 

the fi nal concentration of urea in sample volume is 4 M.  
 ●    Reduction  : add protein  reduction   buffer until you reach a 

fi nal concentration of 10 mM DTT in the sample volume. 
Incubate for 45–60 min at room temperature with moder-
ate shaking. Do not heat the sample.  

 ●   Alkylation: add protein alkylation buffer until the fi nal 
concentration of 55 mM iodoacetamide has been reached 
in the sample volume. Incubate in the dark for 45–60 min 
at room temperature with moderate shaking.  

 ●   Inactivation of the alkylating agent: add the same volume 
as the volume of iodoacetamide solution, from the protein 
 reduction   buffer. Incubate for 45–60 min at room tem-
perature with moderate shaking.  

 ●   Protein digestion with rLysC: add rLys-C Mass Spec 
Grade (10 ng/μL), to a fi nal protease: protein ratio of 
1:30 (w/w) and incubate sample for 16–18 h at 37 °C ( see  
 Notes    27   and   28  ).  

 ●   Digestion with Chymotrypsin: add Chymotrypsin 
 Sequencing   Grade (10 ng/μL) to a fi nal protease: protein 
ratio of 1:20 and incubate the sample for 16–18 h at 25 °C 
( see   Note    29  ).  

 ●   Stop the reaction by adding 2.5 % TFA solution in sample, 
so that the fi nal concentration in sample volume is 0.5 % 
TFA; keep the sample on ice until desalting; avoid repeated 
freezing (−20 °C) and thawing of the peptide sample.      

   3.    Desalting procedure:
 ●    Adjust sample to 0.5 %TFA (with Sample treatment 

solution).  
 ●   Desalting was performed according to the manufacturer’s 

instructions (Thermo Scientifi c™ Pierce™ C18 Tips 100 
μL bed) (also  see   Note    30 ).   
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 ●   Eluting the sample: slowly aspirate 50 μL of 0.1 % FA in 
70 % ACN and dispense in a new Eppendorf tube. Repeat 
once and reunite the eluates.  

 ●   Dry the eluate in a SpeedVac ®  to dryness.  
 ●   Keep the resulted sample at −20 °C until LC-MS/MS 

analysis.      
   4.    LC-MS/MS analysis:

 ●    Resuspend the dried peptides in 20 μL of 0.1 % FA in 2 % 
ACN.  

 ●   Transfer the solution obtained into a nLC vial or well plate 
(depending on the nLC type).  

 ●   Set the parameters for the LC-MS/MS analysis ( see   Note  
  31  ).      

   5.    Protein identifi cation
 ●    Search the spectrum fi les acquired over the entire run with 

Proteome Discoverer v1.4, using SEQUEST or Sequest 
HT as algorithms, or v1.4, using SEQUEST ( see   Note    32  ).  

 ●   Set the following parameters in SEQUEST or Sequest HT: 
database UniProtKB/Swiss-Prot; enzymes used: rLysC 
(full), chymotrypsin (full), each with maximum two missed 
cleavages; precursor mass tolerance of 10 ppm; fragment 
mass tolerance of 0.6 Da; methionine oxidation as dynamic 
modifi cation and carbamidomethylation on cysteine set as 
static modifi cation.  

 ●   Perform a decoy database (with reversed sequences) search 
using a target false discovery rate (FDR) of 0.1 % to elimi-
nate the false positive results from the search ( see   Note    33  ).  

 ●   The protein sequence obtained is displayed in Fig.  2e .         

          1.    Enzyme preparation:  thaw   an aliquot of hEya3 phosphatase on 
ice and then centrifuge at 4 °C and 20,000 ×  g  for 20–25 min and 
carefully transfer the protein solution to a new Eppendorf tube. 
Determine the protein concentration using Bradford assay kit.   

   2.    Phosphatase assay using pNPP as substrate:
 ●      Open the spectrophotometer and set the temperature con-

troller at 37 °C.  
 ●    Prepare   100 mM  pNPP   stock ( see   Note    34  ) and 5× pNPP 

assays buffer ( see   Note    35  ), keep both on ice. In a dispos-
able cuvette pipette 40 μL of 5× pNPP assay buffer,  X  μL 
of 100  mM   pNPP ( see   Note    36  ) and MilliQ water to the 
195 μL fi nal volume. Prepare also a cuvette for blank (use 
instead of enzyme solution the same amount of enzyme 
storage buffer). Incubate the reaction mixtures for 5 min 
in spectrophotometer (allow to reach 37 °C). Set up the 
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“Kinetics” program on the spectrophotometer. Measure 
the blank. Add 5 μL of hEya3 enzyme solution (0.122 
mg/mL), mix well, and begin measuring the reaction 
immediately, for 5 min. Make sure the Δ A  405  vs. time stays 
linear. The spectrophotometer will display a slope, but it 
may be incorrect if the rate is not constant! Note the slope 
in your lab book. Follow the same procedure for all  con-
centrations   of pNPP. The initial rate values Δ A  405 /min 
(calculated from the linear portion of the progress curves) 
are converted into concentration of product per min 
(mM −1  min −1 ) using the molar extinction coeffi cient of the 
reaction product pNP. Next, the values are plotted against 
the corresponding substrate concentrations and the steady-
state constants  K  m  and  k  cat  can be obtained using different 
methods ( see  Subheading  3.2.6 ).  

 ●   Determine the molar extinction coeffi cient for pNP (the 
product formed), which depends on both assay buffer and 
equipment used. Prepare different concentrations of pNP, 
ranging from 0 to 0.1 mM in the same assay buffer and 
read the absorbance at  A  405 . Plot the values obtained vs. 
the concentrations of pNP used  .      

   3.    Phosphatase assay using DiFMUP as substrate:
 ●      Open  the   microplate reader and set the  temperature   con-

troller to 25 °C. Create a kinetic measurement protocol, 
setting the parameters: fi lters Ex/Em 360/460, Gain 
1955 (depends on the instrument used), 70 reading cycles 
(10s per cycle, ten fl ashes per well per cycle), and set to 
shake plate 5 s before reading.  

 ●   Prepare 1 mM DiFMUP in assay buffer ( see   Note    37  ), 
keep it on ice.  

 ●   The reactions are done in a 96-well black microplate. For 
each substrate concentration use three wells, one for the 
blank and two for enzyme reactions. Pipette  X  μL DiFMUP 
(depending on the substrate concentration made), then 
add assay buffer to 97.5 μL. Incubate the plate in micro-
plate reader for 5 min to reach 25 °C, take out the plate 
and add 2.5 μL of hEya3 phosphatase (0.122 mg/mL) ( see  
 Note    38  ). Insert the plate and run the kinetic protocol 
immediately ( see   Note    39  ). Initial velocity values measured 
in fl uorescence per minute (RFU/min) are converted into 
concentration of product per minute (μM/min) using the 
extinction coeffi cient calculated for DiFMU.  

 ●   The extinction coeffi cient for DiFMU is calculated using 
known amounts of  DiFMUP   and DiFMU (Fig.  3a ) ( see  
 Note    40  ). Plot the fl uorescence intensity versus μM of 
DiFMU and the steady-state constants  K  m  and  k  cat  can be 
obtained using different methods ( see  Subheading    3.2.6 ).
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  Fig. 3    Determination of the kinetic parameters of  hEya3   phosphatase assay using  DIFMUP   as substrate. ( a ) 
Standard series of DiFMU/ DiFMUP   solutions used for DiFMU Standard Calibration Curve. ( b ) DiFMU Standard 
Calibration Curve. ( c ) Michaelis-Menten plot for  DiFMUP   as substrate for hEya3 phosphatase. Various concen-
trations of  DiFMUP   (0–400 μM) were incubated with purifi ed hEya3 phosphatase and substrate conversion 
monitored in kinetic mode using 360 nm excitation and 460 nm emission .  Initial velocities ( v  0 ) for each sub-
strate concentration were determined and were plotted against the concentration of substrate and  V  max  and  K  m  
were calculated using Michaelis-Menten equation in GraphPad Prism .  ( d ) Kinetic analysis of recombinant 
hEya3 phosphatase on  DiFMUP   as substrate using Lineweaver Burk plot. ( e ) Kinetic analysis of recombinant 
hEya3 phosphatase on  DiFMUP   as substrate using Eadie-Hofstee plot. ( f ) Kinetic analysis of recombinant 
hEya3 phosphatase on  DiFMUP   as substrate using Hanes-Woolf plot       
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          4.    Phosphatase  assay   using H 2 AX-pY142  phosphopeptide  : the 
 phosphate   released in the reaction was measured using 
BIOMOL Green ( see   Note    41  ).

 ●    Open the absorbance reading mode of the microplate 
reader and set wavelength at 620 nm. Choose to read 
absorbance with 1 cm path length correction.  

 ●   Prepare 1 mM peptide stock in assay buffer. Pipette differ-
ent volumes of peptide, from 0 to 400 μM, in a 96-well 
black plate, add 5 μL of 10× assay buffer and MilliQ water 
to the fi nal volume of 30 μL. Incubate plate for 5 min at 
37 °C, then add 20 μL of hEya3 enzyme (the enzyme was 
diluted in the reaction buffer to 0.034 mg/mL) and fur-
ther incubate plate at the same temperature. After 40 min 
add 100 μL BIOMOL Green and reactions are further 
incubated 30 min at room temperature. Finally, read the 
absorbance at 620 nm.  

 ●   Prepare a standard curve using the  phosphate   standard 
supplied with the BIOMOL Green kit according to the 
manufacturer instructions.  

 ●   The steady-state constants  K  m  and  k  cat  can be obtained 
using different methods ( see  Subheading  3.2.5 ).         

   Exemplifi cation of kinetic parameters determination on a set of 
data collected from  DiFMUP   phosphatase  assay.  

    1.    Plot the standard curve: the fl uorescence intensity (RFU at 
Ex360/Em460) of standard series of DiFMU/ DiFMUP   solu-
tions is measured and the calibration curve is generated by 
plotting concentration (μM) of the standard series vs. RFU 
(Fig.  3b ). Standard curve fi ts the linear equation:  y  =  mx  in 
which  y  = fl uorescence intensity (RFU),  x  = concentration, and 
the slope is the extinction coeffi cient for DiFMU.   

   2.    For each substrate concentration record the product formed 
over time, subtract the blank (reaction containing only 
 DiFMUP  , no enzyme), and determine the initial slope of RFU 
time-dependence curve (RFU/min). Divide the RFU/min to 
the extinction coeffi cient of DiFMU (in our case 36,810 RFU/
μM) thus obtaining the initial reaction rates  v  0  (μM of prod-
uct/min). Divide to 60 to convert μM/min to μM/s (Table 
 1 ). For each substrate concentration perform reactions in 
duplicate. Duplicate values are mentioned in Table  1 .

       3.    Graphical procedures for estimation of kinetic parameters ( K  m , 
and  k   cat  ). All graphs were created using GraphPad Prism 
software:

 ●    Nonlinear regression procedures based on initial rate 
dependence ( v  0 ) on substrate concentration [ S ] (Fig.  3c ) 
( see   Note    42  ).  

3.2.6  Determination 
of Kinetic Parameters 
of hEya3 Phosphatase
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 ●   Lineweaver Burk representation (Fig.  3d ): 1/ v  0  versus 1/
[ S ]  

 ●   Eadie-Hofstee representation (Fig.  3e ):  v  0  versus  v  0 /[ S ]  
 ●   Hanes-Woolf representation (Fig.  3f ): [ S ] /v  0  versus [ S ]       

  All four types of representation give roughly similar results, but 
nonlinear regression procedure is preferred because no data  trans-
formation   is required.   

         1.     We usually use  HEK293T   and HEK293S-GnTI -  cells that are 
easy to transfect, produce a high amount of recombinant pro-
tein, and are economically effi cient. The HEK293S-GnTI − cells 
[ 6 ] are defi cient in  N -Acetylglucosaminyltransferase I and con-
sequently do not produce complex N-linked glycans.   

   2.    Cells grown in 175 cm 2  fl asks were used to seed the roller 
bottles.   

   3.    Remove the medium from one fl ask of 175 cm 2  with a 25 mL 
serological sterile pipette, in a way that no medium remains in 
the fl ask and the cells are not disturbed.   

   4.    Wash two times with 10 mL of PBS, remove the PBS and dis-
card it ( see   Note    43  ).   

   5.    Add 5 mL Trypsin/EDTA to the cells and incubate for maxi-
mum 5 min at room temperature.   

   6.    Dislodge the cells by tapping the fl ask gently.   
   7.    Add 21 mL of complete medium (DMEM with Glutamax, 

NEAA, 10 % FCS).   
   8.    Pour 200 mL of complete medium into a fresh roller bottle, 

using the measure on the side of the roller bottle to estimate 
the amount.   

3.3  Extracellular 
Domain of PTPBR7 
(Ecto-PTPBR7)

3.3.1  Cell Culture

    Table 1  
  Data collected when  DiFMUP   is used as substrate for hEya3 phosphatase. 
Values of the slope of RFU time-dependence curve and of the 
corresponding initial rates for two replicates are mentioned   

  DiFMUP   (μM)  RFU/min 
 Initial rate  v  0  (×10 2  μM 
DiFMU/s) 

 25  546.66  438.41  0.025  0.020 

 50  923.25  810.51  0.042  0.037 

 100  1402.86  1223.00  0.064  0.055 

 150  1654.60  1496.65  0.075  0.068 

 200  1983.20  2088.62  0.090  0.095 

 300  2230.25  2060.11  0.101  0.093 

 400  2549.78  2468.16  0.115  0.112 
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   9.    Tap the 175-cm 2  fl ask several times so that no cell clumps are 
present in the solution and transfer all the cells to the roller 
bottle. Place the roller bottle into the rolling incubator at 
0.8 rpm at 37 °C for 3–4 days for the cells to reach about 90 % 
confl uence.       

        1.     For a successful  transfection   a high-quality plasmid DNA, 
without endotoxins, is necessary. Plasmid DNA is purifi ed 
from a bacterial culture grown overnight, initially transformed 
with pHLsec-Ecto-PTPBR7 vector.   

   2.    Large-scale cultures for protein production are performed in 
expanded surface polystyrene roller bottles.   

   3.    Transfection cocktail: 0.5 mg of Endotoxin-free plasmid DNA 
is required/2125 cm 2  roller bottle.   

   4.    Add 80 μL of chloroform to 1 mL of plasmid DNA and vortex 
(to remove the contaminants).   

   5.    Centrifuge for 10 min at 13,000 ×  g  and take off the DNA leav-
ing behind the chloroform.   

   6.    For each roller bottle add 0.5 mg of chloroform treated plas-
mid DNA into 50 mL serum-free media in a separate tube and 
mix well.   

   7.    Add 0.75 mL of PEI (1 mg/mL) to the serum-free media with 
plasmid DNA, mix well and incubate at room temperature for 
about 15 min for the complex to be formed. The resulting 
mixture is termed “transfection cocktail.”   

   8.    After 3 days of culture, remove by pouring the medium from 
the roller bottles.   

   9.    Add 200 mL of serum-reduced medium (DMEM with 
Glutamax, NEAA, 2 % FBS) into each roller bottle.   

   10.    Add into each roller bottle, in this order, 0.25 mL of kifunen-
sine ( inhibitor   of the mannosidase I enzyme), 5 mL of HEPES 
1 M, and 50 mL of transfection cocktail.   

   11.    Place the roller bottle back in the incubator at 37 °C at 0.8 rpm 
for 3–4 days (this is dependent on the state of the cells, if they 
start to detach, it is time to collect the media).   

   12.    4 days post-transfection collect the conditioned medium in 
which secreted protein of interest is present and purify it in 
order to obtain pure protein.   

   13.    The collected medium is centrifuged at 3500 ×  g  for 10 min at 
4 °C to separate the detached cells from the media, and then 
fi ltered using 0.2 μm membrane fi lters to remove the leftover 
debris.   

   14.    This medium is diluted threefold with ice-cold PBS and 
adjusted to pH 8 by adding 1 M Tris buffer pH 8.0.       

3.3.2  Large-Scale 
Transfection
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       1.    Immobilized metal ion affi nity chromatography (IMAC):
 ●     Nickel- coated   chelating Sepharose beads, previously 

washed and equilibrated with PBS, are added to the fi l-
tered conditioned medium (from Subheading  3.3.2 ,  steps 
13  and  14 ).  

 ●   The protein is allowed to bind to the beads by incubating 
in an orbital shaker at 120 rpm at 16 °C for about 90 min.  

 ●   The suspension of beads and conditioned medium is 
loaded into an empty column.  

3.3.3  Protein Purifi cation

Ecto_BR730
20

a

b

cMe MDW1W2M E1 E2 E3 E4 B

Ecto_BR7

A8A9A10A11A12M B1B2B3B4 B5 B6  B7 B8

Ecto_BR7
30 kDa

20 kDa

20kDa

M TUN

  Fig. 4    Analysis of expression and purifi cation of  PTPBR7  . ( a ) SDS-PAGE analysis of the samples of IMAC puri-
fi cation of  PTPBR7  .  Me  conditioned medium,  MD  medium after dilution,  W1  wash1,  W2  wash2,  M  marker,  E1  
elution1,  E2  elution2,  E3  elution3,  E4  elution4,  B  beads after elution. ( b ) Gel fi ltration elution profi le of ecto 
 PTPBR7   ( left ) and peak fractions of gel fi ltration profi le of ecto  PTPBR7   visualized on a 12 % SDS-PAGE ( right ). 
( c )  Western Blot   analysis of deglycosylation of purifi ed  PTPBR7   by PNGase.  M  marker,  UN  PNGase untreated,  T  
PNGase treated       
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 ●   The beads are washed with 50 mL Sepharose washing buf-
fer 1, followed by a second wash with 50 mL of Sepharose 
washing buffer 2 in order to remove nonspecifi c proteins 
that are bound to the beads.  

 ●   The protein is eluted in 15 mL of Elution buffer, and the 
eluted samples are analyzed by 12 % SDS-PAGE and frac-
tions containing the protein of interest (Fig.  4a ) are col-
lected for further purifi cation ( step 2 ).

 ●      Proteins samples pooled after IMAC are partially deglyco-
sylated with endo-H enzyme, before the next round of 
purifi cation. The protein samples are diluted twofold with 
PBS and 50 μL (1.2 mg/mL) of endo-H enzyme is added 
to it and incubated overnight at room temperature.       

   2.    Size exclusion chromatography:
 ●      Prepare   Superdex 75 10/300 GL column: connect the 

column to the system ( see   Notes    20   and   21  ).  
 ●   The samples containing the protein of interest are pooled 

and concentrated to 250 μL using membrane fi lter 
Centricon Plus-70 Centrifugal fi lter unit 10-kDa, accord-
ing to manufacturer’s instructions.  

 ●   Inject the concentrated protein and collect the fractions 
(0.8 mL/min) (proceed as in Subheading  3.1.2 ,  step 5 ).  

 ●   Analyze the fractions by 12 % SDS-PAGE.        

 The  PTPBR7   purifi ed protein showed multiple lower bands to 
the expected molecular weight of 24 kDa (theoretical MW of non-
glycosylated protein) (Fig.  4b , right). The N-glycosylation predic-
tion site NetNGlyc server predicted only one glycosylation site. 
Deglycosylation with PNGase F was done to see if all the bands 
collapsed to lesser number of bands post-deglycosylation .  

       1.    Purifi ed protein sample was denatured with glycoprotein dena-
turing buffer at 100 °C for 10 min. This was then mixed with 
reaction G7 buffer (50 mM sodium  phosphate   pH 7.5), 1 % 
NP40 and PNGase F and incubated at 37 °C for 1 h. Both G7 
buffer and NP40 are provided with the commercial PNGase F 
preparation. Samples were analyzed by  western blot   (semidry 
transfer on PVDF membrane, PentaHis monoclonal primary 
antibody, followed by the appropriate secondary antibody).     

 The  Western blot   showed a small shift in all bands, but the 
bands did not collapse into a single band. Therefore, it can be 
speculated that  PTPBR7   is somehow susceptible to proteo-
lytic cleavage during the large-scale production of the protein 
(Fig.  4c ).    

3.3.4  Deglycosylation 
of Protein
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4                                                                     Notes 

     1.    We used the following vectors: (a) pHAT 2 -hEya3—containing 
6×His- tagged   human Eyes absent 3 (hEya3) gene; and (b) 
pGEX-KT-hRPTPμD1—containing the gene fragment encod-
ing for the D1 catalytic domain (residues 818–1190) of human 
receptor-like protein tyrosine phosphatase μ (RPTPμ) tagged 
with  glutathione  S -transferase (GST)  .   

   2.    We used  calcium   competent cells: (a) BL21(DE3)RIL strain 
for 6×His-hEya3; and (b) DH5α  for   GST-hRPTPμD1 protein 
expression. Competent bacteria cells can be either prepared in 
the lab or purchased from a biotech company.   

   3.    To prepare LB plates weigh 15 g agar (Bacto) and add to 1 L 
with LB. Autoclave 20 min at 120 °C. Then, allow medium to 
cool or cool it with cold water until bottle can be held in hands 
without burning, then add 1 mL Amp stock solution (100 
mg/mL), mix by gentle swirling, and put ~20 mL into each 
sterile Petri dish (100 mm diameter). Hold plates at room 
temperature until agar solidifi es, then invert them to avoid 
condensation on lid of plates and store at 4 °C until usage (no 
more than 1 month).   

   4.    pHLSec, kindly provided by R. Aricescu, is a mammalian 
expression vector designed to obtain a high yield of secreted 
protein [ 7 ].   

   5.    PEI is extremely viscous liquid which cannot be pipetted. To 
prepare the PEI solution fi rst tare an empty fl ask, put some PEI 
with a spatula into the empty fl ask and weigh the fl ask again. 
Add the calculated volume of water to reach the indicated con-
centration of PEI solution. Stir it until completely dissolved.   

   6.    All buffers for FPLC-purifi cation must be degassed 10 min 
using an ultrasonic bath and cooled at 4 °C before usage.   

   7.    Running gel and stacking gel buffers can be kept at 4 °C not 
longer than about 3 month. Ammonium persulfate solution 
can be either freshly prepared or can be frozen in single-use 
aliquots at −20 °C.   

   8.    You can change methanol with ethanol (96–100 %), to avoid 
methanol toxicity. Using ethanol for activation of PVDF mem-
brane and for preparation of transfer buffer we obtained similar 
results as in the case of methanol.   

   9.    It is very important to make this stock solution in cold distilled 
water; otherwise it is very quickly hydrolyzed to pNP. We cur-
rently use 40 mg tablets  of   Phosphatase substrate from 
Sigma-Aldrich.   

   10.    It is very important to keep this buffer  phosphate  -free; there-
fore, we usually prepare it in sterile plastic tubes.   
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   11.    Add 50 % DMSO in water over the  phosphopeptide  , allow 
5 min to dissolve, then add TBS buffer.   

   12.    Manipulate the competent cells in sterile area, either in a bacte-
rial hood or close to a fl ame. Using this short heat-shock  trans-
formation   protocol we obtain enough colonies on plate to be 
further used in protein expression.   

   13.    Do not keep the culture more than 16 h at 37 °C.   
   14.    A dilution of 1:50–1:100 of the overnight starter culture into 

fresh LB-Amp medium is optimal for bacterial growth. The 
volume of the culture fl ask should be at least three times higher 
than the volume of the media. For example, in a 5 L fl ask add 
no more than 1.5–1.6 L medium.   

   15.    To measure the OD 600 nm  we use disposable plastic cuvettes and 
a standard spectrophotometer/colorimeter. We read OD 600 nm  
of 1 mL of culture with LB medium as a background blank.   

   16.    The culture must be cooled at 25 °C prior to IPTG addition in 
order to obtain a good yield of soluble protein.   

   17.    It is important to homogenize well the bacterial pellet in lysis 
buffer; otherwise the disruption of the bacterial cells will not 
be effi cient.   

   18.    Lysis is complete when the cloudy cell suspension becomes 
translucent.   

   19.    It is important to add glycerol to the protein samples before 
freezing to preserve protein stability.   

   20.    Before connecting any column to the ÄKTA system it is very 
important to check whether all parameters are within column 
specifi cations; otherwise the column may be damaged.   

   21.    Connecting and detaching of the column has to be performed 
at a low fl ow rate (0.5 mL/min).   

   22.    Make aliquots suffi ciently small so that they should not be 
freeze-thaw cycled more than three times. Repeated freezing 
and thawing can cause protein inactivation. We typically make 
aliquots of 250–300 μL.   

   23.    Coomassie staining solution can be reused several times.   
   24.    Activate the PVDF membrane by soaking into methanol or 

ethanol for 2 min at room temperature. Then equilibrate the 
membrane in 1× Transfer buffer.   

   25.    For the fi rst 2 ml of supernatant passing through the col-
umn use a reduced fl ow rate (0.25 mL/min) and then 
increase it gradually to 5 mL/min.   

   26.    Running on ethanol usually increases the back pressure of the 
column, so for this fi nal step decrease fl ow rate to 0.5 mL/
min.   
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   27.    Check the pH of the solution before performing the digestion. 
The pH should be between 7 and 9 for the protease to have 
maximum enzyme activity.   

   28.    After incubation with rLysC keep the sample at 4 °C, until 
incubation with chymotrypsin.   

   29.    Before digestion with chymotrypsin, dilute the sample with 50 
mM Tris–HCl pH 8 so that the fi nal concentration of urea is 
less than 1 M and the DTT concentration is less than 10 mM 
in sample volume.   

   30.    Set pipettor to 100 μL then secure the pipette tip tightly to the 
end of the pipettor for optimum sample aspiration. Do not 
introduce air through the membrane at any time during the 
procedure.   

   31.    For our instrument we set the following parameters: LC 
method—40 min linear gradient of 2–30 % mobile phase B; 
LTQ-Orbitrap method, Scan Event details: initial survey MS 
scan between 300 and 1800  m / z  at a resolution of 60,000 at 
 m / z  400 (in the Orbitrap), followed by a data-dependent anal-
ysis of the fi ve most intense peaks from the survey scan with 
+2, +3, and +4 charge using CID (Collision-Induced 
Dissociation) fragmentation method. Make at least two techni-
cal replicates from one sample (two consecutive runs).   

   32.    Separately search each run (technical replicate) to reveal pro-
tein identifi cation.   

   33.    Assign a positive identifi cation of a protein when there are at 
least two unique peptides with high confi dence (99 %) present 
in the sample.   

   34.    100 mM pNPP stock can be stored at −20 °C in single-use 
aliquots.   

   35.    All assay buffers are stored at −20 °C in 10 mL aliquots. 5× 
 pNPP   assay buffer is prepared fresh from 10× assay buffer and 
is supplemented with 25 mM DTT.   

   36.    pNPP fi nal concentration in the assay varies from 0.5 to 30 
mM.   

   37.     DiFMUP   solution is very sensitive to light, so either use a 
black Eppendorf tube or cover one with tinfoil. Make up fresh 
daily.   

   38.    First add enzyme storage buffer in blank well and then add 
enzyme in reaction wells.   

   39.    Do not forget to subtract the values corresponding to the 
blank wells from those corresponding to the reaction wells.   

   40.    For the standard curve of DiFMU, prepare 100 μM solution of 
both  DiFMUP   and DiFMU in assay buffer. We usually prepare 
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400 μL of each standard point in a tube, then split in three 
wells.   

   41.    For this phosphatase  assay   method it is very important to check 
all reaction components, including enzyme solution, for  phos-
phate   contaminants. Pipette the maximum amount of each 
component of reaction; add MilliQ water to 50 and 100 μL of 
BIOMOL Green. Read the absorbance at 620 nm and com-
pare with blank, which contains 50 μL water. Free  phosphate 
  present on labware and in reagent solutions will greatly increase 
the background absorbance of the assay.   

   42.    To determine the  k  cat  parameter the value obtained for  V  max  has 
to be divided to the enzyme concentration used in assay.   

   43.    To keep the cells in the fl ask, washing should be performed by 
adding PBS on the opposite side of the fl ask without disturb-
ing the cells.             
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    Chapter 4   

 Peptide Microarrays for Real-Time Kinetic Profi ling 
of Tyrosine Phosphatase Activity of Recombinant 
Phosphatases and Phosphatases in Lysates 
of Cells or Tissue Samples                     

     Liesbeth     Hovestad-Bijl    ,     Jeroen     van     Ameijde    ,     Dirk     Pijnenburg    , 
    Riet     Hilhorst    ,     Rob     Liskamp    , and     Rob     Ruijtenbeek      

  Abstract 

   A high-throughput method for the determination of the kinetics of protein tyrosine phosphatase (PTP) 
activity in a microarray format is presented, allowing real-time monitoring of the dephosphorylation of a 
3-nitro-phosphotyrosine residue. The 3-nitro-phosphotyrosine residue is incorporated in potential PTP 
substrates. The peptide substrates are immobilized onto a porous surface in discrete spots. After dephos-
phorylation by a PTP, a 3-nitrotyrosine residue is formed that can be detected by a specifi c, sequence- 
independent antibody. The rate of dephosphorylation can be measured simultaneously on 12 microarrays, 
each comprising three concentrations of 48 clinically relevant peptides, using 1.0–5.0 μg of protein from 
a cell or tissue lysate or 0.1–2.0 μg of purifi ed phosphatase. The data obtained compare well with solution 
phase assays involving the corresponding unmodifi ed phosphotyrosine substrates. This technology, char-
acterized by high-throughput (12 assays in less than 2 h), multiplexing and low sample requirements, 
facilitates convenient and unbiased investigation of the enzymatic activity of the PTP enzyme family, for 
instance by profi ling of PTP substrate specifi cities, evaluation of PTP inhibitors and pinpointing changes 
in PTP activity in biological samples related to diseases.  

  Key words     Tyrosine phosphatase  ,   Phosphatase activity  ,   Peptide microarray  ,   Multiplex assay  , 
  Phosphatase substrate identifi cation  ,   Phosphatase activity profi ling  ,   Phosphatase kinetics  ,   Phosphatase 
inhibition  ,   Phospho-nitrotyrosine  ,   Nitrotyrosine  

1      Introduction 

       Reversible    tyrosine    phosphorylation   is  a    fundamental   signaling 
 mechanism   controlling a diversity of cellular processes. Whereas 
protein  tyrosine kinases   have long been implicated in many dis-
eases, aberrant  protein tyrosine phosphatase (PTP)   activity is 
increasingly being associated with a wide spectrum of disorders. 
 PTPs   are now regarded as key regulators of biochemical pro-
cesses, e.g., cell differentiation,  proliferation  , and oncogenic 



68

 transformation  , instead of simple “off” switches operating in 
tyrosine  kinase   signaling pathways [ 1 ]. 

 The interplay between tyrosine phosphatase and tyrosine 
 kinase   assays can be illustrated by the phosphatase SHP-2. The 
levels of tyrosine phosphorylated SHP-2 in CD4+ T-cells of human 
melanoma specimens decrease with tumor progression, leading to 
a modulated downstream activity of SHP-2. CTLA4 or PD1 is able 
to recruit and activate SHP-2 which contributes to the negative 
regulation of T cell activation. This suggests an important role for 
SHP-2 in preventing melanoma progression and metastasis [ 2 ]. 

 Measuring both  phosphorylation   as well as  dephosphorylation   of 
different kinase and tyrosine phosphatase  substrates   in a  multiplex 
  mode might provide a better understanding of cascades. 

 Modifi cation of the fl ow-through microarray technology used 
for measuring (rates of) kinase  substrate    phosphorylation   [ 3 – 6 ] 
resulted in the development of a kinetic  PTP   assay [ 7 ,  8 ]. 

 The principle of the assay is shown in Fig.  1 . Three concentra-
tions of 48 tyrosine phosphatase peptide substrates containing a 
3-nitro-phosphotyrosine residue are covalently coupled onto 
Anopore aluminum oxide membranes that are activated with a 
functionalized spacer. The peptide substrates have been selected for 
their therapeutic relevance, e.g., SIGLEC2 for its role in autoim-
mune diseases [ 9 ] and ZAP70 for its importance in leukemia [ 10 ]. 
As a positive control for detection, a  nitrotyrosine   peptide substrate 
(nSTAT3) is present among the substrates spotted on the array.

   The dephosphorylated 3-nitro-tyrosine is detected by a mono-
clonal mouse anti-nitrotyrosine antibody and a FITC-labeled goat 

  Fig. 1    Schematic view of the PTP assay. ( a ) PamChip ®  disposable with four arrays on which peptide substrates 
are spotted, 12 × 12 per array. ( b ) PTP containing sample is pumped through the array. ( c ) 3-nitro- phosphotyrosine 
detection strategy. Fluorescent images are recorded when the solution is underneath the membrane       
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anti-mouse secondary antibody that is simultaneously present in 
this assay. The reaction kinetics of  dephosphorylation   of the 
substrate is monitored in time by imaging the membranes every 
5 min for 1 h. The fl uorescence intensity of every peptide spot on 
every image is quantitated to yield reaction rates. The method is rapid, 
because apart from preparation of the lysates, no preprocessing is 
required. The activity of the enzymes in the lysate can be deter-
mined and modulated by addition  of   phosphatase inhibitors, 
allowing the investigation of their effect ex vivo on phosphatases 
with relevant post-translational modifi cations in naturally occurring 
protein complexes. 

 Note that this dynamic, sensitive, high-throughput  PTP 
   substrate   microarray assay is inventive because it allows detection 
of product formation rather than disappearance of the substrate. 
 Dephosphorylation   by a  PTP   leaves a 3- nitrotyrosine   residue that 
can be detected by a selective, sequence-independent antibody, 
which uniquely allows a real-time product formation assay (Fig.  1c ) 
[ 8 ].  Several   phosphatase assays have been described [ 11 – 16 ] but 
they suffer from several drawbacks, like the necessity for the  PTP 
  to compete with  phosphotyrosine   antibody prior to reaction and/
or problems associated with detector-signal saturation, as discussed 
extensively in [ 8 ]. 

 In summary, in combination with the existing protein tyrosine 
kinase (PTK)    peptide microarray-based assay, the novel  PTP   assay 
creates a tool to measure  phosphorylation   as well as  dephosphoryla-
tion   in a  multiplex   way that will contribute to a better understanding 
of (the regulation of) biological processes.  

2    Materials 

 Prepare all dilutions with ultrapure water. Use analytical grade chemi-
cals to prepare solutions that are not provided in the reagent kit. 

       1.    Mammalian extraction buffer (M-PER) (Thermo Scientifi c).   
   2.    Halt  Protease Inhibitor   Cocktail, EDTA free (Thermo 

Scientifi c).   
   3.     Phosphate   buffered saline (PBS, 10× stock).   
   4.    Bradford protein concentration assay reagents.      

       1.    PamChip ®   PTP   peptide microarrays (PamGene International 
BV, ’s-Hertogenbosch, The Netherlands).   

   2.    PamStation ® 12 (PamGene International BV, ’s- Hertogenbosch, 
The Netherlands).   

   3.     PTP   reagent kit (PamGene International BV, ’s- Hertogenbosch, 
The Netherlands). The kit contains:

2.1  Preparation 
of Lysates for Analysis 
of Tyrosine 
Phosphatase Activity

2.2  Analysis 
of the Tyrosine 
Phosphatase Activity 
of a Recombinant or 
Purifi ed Phosphatase 
or of a Cell Lysate
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 ●    Blocking buffer: 20 mg/ml Bovine Serum Albumin (BSA).  
 ●   10×  PTP   buffer ( see   Note    1  ).  
 ●   DTT (1 M).  
 ●   100× BSA (10 mg/ml).  
 ●   Mouse anti-nitrotyrosine antibody (StressMarq).  
 ●   Goat anti-mouse FITC antibody (Southern Biotech).        

 All materials should be stored as indicated in the information 
provided with the kit.   

3    Methods 

 Phosphatase activity can be measured with phosphatases expressed as 
recombinant and purifi ed proteins or with crude lysates prepared 
from cell lines or tissues. When phosphatase  inhibitors   are added 
before thawing, the same lysates can be used for kinase  activity 
  determination. The preparation of these lysates is described in 
Subheading  3.1 . The phosphatase activity assay itself is described in 
Subheading  3.2 . 

        1.    Lyse at most four to six samples simultaneously. Aliquot fi nal 
lysates in multiple tubes. Biological replicates are samples 
prepared separately.   

   2.    Cool on ice Mammalian Extraction Buffer (M-PER) supple-
mented with protease  inhibitor   cocktail as indicated by the 
supplier (1:100) ( see   Note    2  ).   

   3.    Label tubes for lysate aliquots of every sample and precool tubes 
on dry ice. This will cause the lysate to freeze immediately. 
Alternatively, lysates can be snap-frozen in liquid nitrogen.   

   4.     Cells . Remove culture medium from cells and wash twice with 
ice cold PBS. Add 100 μl of cold lysis buffer per 1 × 10 6  cells 
( see   Note    3  ). Proceed with  step 9 .   

   5.     Tissue : Fine needle biopsies and endoscope biopsies can be lysed 
without cutting of sections. For core biopsies, cut a number of 
sections that gives about 1 mm 3  of tissue. For cutting sections 
from larger tissue blocks several options are possible ( see   Notes  
  4   and   5  ). Either cut one section of 60 μm, or several thinner 
sections (total of 60 μm of material) of a 5 × 5 mm tissue block 
of a fresh frozen specimen ( see   Note    6  ). Make sure that the 
sections remain frozen during the cutting process. The integrity 
of the sections is less important than in histology, since protein 
will be extracted from the sections. Use fi rst and last or middle 
sections for histological investigations if possible.   

   6.    Place sections at the bottom of a precooled vial.   

3.1  Preparation 
of Lysates for Analysis 
of Tyrosine 
Phosphatase Activity
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   7.    The material can be lysed immediately or stored at −80 °C for 
later use.   

   8.    For lysis of tissues, add 100 μl cold lysis buffer to the fi rst vial 
with frozen tissue to start the lysis procedure. Keep on ice.   

   9.    Promote the lysis by slowly pipetting the mixture up and down 
(approximately ten times) in the vial until the solution is clear 
(no lumps should be visible). Expel the fl uid gently from the 
pipette tip in order to prevent foaming and denaturation of the 
proteins.   

   10.    Keep the lysate on ice for 15 min. Check the lysis process 
visually. Promote lysis by pipetting the liquid up and down a 
few times at intervals of about 5 min. Prolong the incubation 
time to 30 min when solution is not clear.   

   11.    Centrifuge the lysate for 15 min at 16,000 ×  g  at 4 °C in a 
precooled centrifuge.   

   12.    Transfer the supernatant of each lysed sample to new precooled 
vials, mix and aliquot (for instance four times 5 μl/vial and four 
times 20 μl/vial). Lysates can be placed at the bottom of vials 
precooled on dry ice. Alternatively, vials can be snap-frozen in 
liquid nitrogen before storage. Store vials immediately at 
−80 °C. Keep a 5 μl aliquot for protein quantifi cation 
purposes.   

   13.    Repeat the procedure described above for the remainder of the 
samples.   

   14.    Determine protein concentration with a standard Bradford 
protein quantitation assay.      

    In a PamStation ® 12 instrument three PamChips ®  with four arrays 
each are placed, which allows analysis of 12 samples simultaneously 
(Fig.  2 ).

   PamChip ®  90121 comprises 48 peptide substrates spotted at 
three concentrations (125, 250, and 500 μM) on the same microarray. 
The rate of  dephosphorylation   depends on peptide concentration 
(Fig.  2 ) and on sample input as shown in Fig.  3 .

   Before the start of the experiment, an experimental set up and a 
pipetting scheme must be prepared. The experimental setup describes 
the distribution of the samples over the chips and arrays, based on the 
research question to be answered by the experiment and the desired 
statistical analysis. The pipetting scheme aims at reducing experimen-
tal variation between the arrays by making master mixes with as many 
common ingredients for the assays as possible. The scheme is based 
on the volumes per array and is shown in Table  1 . Multiply the 
volumes by the number of arrays and add at least 10 % additional 
volume to account for pipetting loss during transfer of solutions 
(e.g., for four arrays, multiply volumes with at least 4.4).

3.2  Analysis 
of the Tyrosine 
Phosphatase Activity 
of a Recombinant or 
Purifi ed Phosphatase 
or of a Cell Lysate
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   Keep all solutions on ice, unless indicated otherwise.

    1.    Allow the PamChip ®  disposable(s) to come to room 
temperature.   

   2.    Cool some ultrapure water on ice.   
   3.    To prepare 5 ml 1×  PTP   wash buffer, dilute 10×  PTP   buffer 

tenfold in ultrapure water and add DTT from a freshly prepared 
100 mM stock to a fi nal concentration of 1 mM.   

   4.    When performing experiments with  inhibitors   in the assay mix, 
pre-dilute the  inhibitors   to 50× the fi nal concentration in DMSO. 
From these dilutions, add  inhibitors   just before the assay 
( see   Notes    7  –  9  ).   

  Fig. 2    Workfl ow for testing three PamChips ®  (12  microarrays  ) involving the setup ( a ) and processing ( b ). 
 Dephosphorylation   activity ( c ) depends on peptide substrate concentration and increases in time. Data are 
shown for a selected peptide substrate at three spot concentrations       

  Fig. 3    The  dephosphorylation   rate depends on sample input for both recombinant 
phosphatase and lysate.    Kinetic curves are fi tted to signal intensities as a func-
tion of time and initial reaction rates are calculated [ 17 ]. In the concentration 
range tested, a sample input of 0.1–5 μg/array for the CRL2264 lysate and 
0.1–2 μg/array for recombinant  PTP1B   enzyme results in good signals       
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   5.    Turn on the PamStation ® 12 following the instructions of the 
manufacturer and load the desired assay protocol into the 
Evolve software program. A more detailed protocol is given in 
the manual provided with the PamStation ® 12.   

   6.    Place 1, 2, or 3 PamChip ®   PTP   disposables in the incubator.   
   7.    Place a syringe with 1×  PTP   wash buffer in the instrument at 

the position indicated in the assay protocol.   
   8.    Apply 30 μl of blocking buffer to each array ( see   Note    10  ).   
   9.    Start the blocking step in the assay protocol ( see   Note    11  ).   
   10.    Prepare the assay master mix while the arrays are being blocked 

and washed. The assay master mix is prepared just before 
application onto the array and should not be stored. Mix gently, 
 do not vortex  and keep the assay mix on ice. Add components 
in the order indicated in Table  1 . To reduce variation between 
arrays, prepare an assay master mix containing all components 
common to all arrays.   

   11.    Divide the desired amount of the assay master mix over pre-
cooled tubes representing the different conditions to be tested. 
Complement with other ingredients, according to experimen-
tal design.   

   12.    Add the sample to the assay mix just before application to the 
arrays. The amount of input material required depends on the 
sample type used.   

   13.    For recombinant phosphatases, the amount can vary from 1 to 
100 nmol, depending on the activity of the recombinant 
phosphatase ( see   Notes    12  –  14  ).   

   14.    For cell or tissue lysates, in general 0.2–5.0 μg protein per array 
will result in a robust phosphatase activity signal ( see   Notes  
  15  –  18   and Figs.  3  and  4 ).

    Table 1  
  Composition of assay master mix per array   

 Solution  Volume (μl) 

 Water  To a fi nal volume of 25 μl 

 10× PTP buffer  2.5 

 100 mM DTT  0.25 

 100× BSA stock solution  0.25 

 Mouse anti-nitrotyrosine  0.25 

 Goat anti-mouse FITC  0.05 

 (Inhibitor in 100 % DMSO)  (0.5) 

 Sample (recombinant PTP or lysate)  max 10 
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       15.    Apply 25 μl assay mix per array ( see   Note    19  ).   
   16.    Run the assay protocol.   
   17.    During the run, (a run takes 60 min in the standard assay pro-

tocol), images are taken (Fig.  2 ), showing the signal increase 
on all peptide spots. At the end of the run, an automated 
washing step is performed, and images are taken at different 
exposure times.   

   18.    When the running of the assay protocol is completed, remove 
the PamChip ®  disposable(s) and shut down the instrument 
according to the information in the PamStation ® 12 manual.   

   19.    Use BioNavigator software (PamGene International BV, 
’s-Hertogenbosch, the Netherlands) to quantitate the signal 
intensities of all peptide spots on all images ( see   Notes    20   and 
  21  ). The software has an algorithm that recognizes the spots 
and their identity and places a grid on the array of spots on 
each image.   

   20.    In BioNavigator, inspect the correct placement of each grid 
and identifi cation of spots by the software as well as the occur-
rence of irregularities, fl uorescent particles and other phenom-
ena affecting data quality ( see   Note    22  ). The software calculates 
the intensity in each spot, the local background around each 

  Fig. 4    Inhibition of  dephosphorylation   activity of recombinant full length  PTP1B   by three phosphatase 
 inhibitors         
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spot and detects saturation in the pixels in the images. 
Subtraction of local background yields the value SigmBg 
(signal minus background) for each spot. These values are used 
for further analysis.   

   21.    The data points can be inspected as a time series of signal 
intensity per peptide (Fig.  2 ). The initial rate of reaction can be 
calculated and used as basis for data analysis. Alternatively, the 
SigmBg end levels either before or after the washing step can 
be used for further analysis. In general, these values are very 
similar. In case a high phosphatase activity leads to saturation 
of many spots, the values at an earlier time point can be used as 
input for data analysis.   

   22.    The dynamic range of the assay can be increased by making use 
of a combination of different exposure times. Therefore the 
slope of the signal as function of exposure time is used. 
Saturated signals can be excluded from this analysis.   

   23.    The BioNavigator software provides several predefi ned statistical 
analysis and visualization methods for quick data analysis and 
interpretation. Furthermore the software provides building 
blocks for construction of alternative analysis methods and can 
easily be linked to R-modules.   

   24.    A database function allows easy combination of the results of 
multiple experimental runs and analysis of such combined 
data sets.       

4                      Notes 

     1.    Composition of the 10×  PTP   buffer: 250 mM potassium 
 phosphate   adjusted to pH 7.4, 500 mM NaCl, 50 mM EDTA, 
0.5 % Brij-35.   

   2.    Some tissues are known to have a high protease content. Use 
1:50 diluted  inhibitors   for such tissues.   

   3.    Preferably scrape adhering cells because trypsin is known to 
induce kinase  activity.   The infl uence of trypsin treatment on 
phosphatase activity has not been investigated.   

   4.    Grinding frozen tissue with a mixer-mill or pestle is a good 
alternative (Detailed instructions are available from PamGene 
International BV).   

   5.    Cutting of sections makes it possible to use sections before and 
after for HE staining to determine for example the percentage 
of tumor cells.   

   6.    Avoid the use Tissue-Tek ®  or OCT™, a wax-like substance 
used for embedding tissues before cryo-section. If it is used, 
remove as much as possible. Embedded material is compatible 
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with PamChip ®  array analysis when tissue sections contain less 
than 10 % of such material.   

   7.    When working with  inhibitors  , usually a stock solution of 
10 mM  inhibitor   in DMSO is made that is then diluted in 
DSMO till 50× the desired fi nal concentration. Just before the 
assay, this solution is diluted in the fi nal assay mixture. Per 25 μl 
assay mix, 0.5 μl of this solution is added, resulting in 2 % DSMO 
in the fi nal assay mix. When no replicates are tested, prepare 
higher volumes to prevent variation due to small volumes.   

   8.    When dissolving and diluting  inhibitors  , the experimenter 
should check that all material dissolves. Depending on the 
 inhibitor   concentration, dilution in water may result in precipi-
tation. When this happens, a less concentrated solution can be 
made. Up to 2 % DMSO in the assay mixture is tolerated by 
phosphatases, but may result in lower activity.   

   9.    Some  inhibitors   might bind slowly to the phosphatase. To 
assure proper binding, pre-incubation of the  inhibitor   to the 
phosphatase can be considered.   

   10.    The material the arrays are made of is very brittle. Do not 
touch the arrays with the pipette tip to prevent breaking. Place 
the pipette tip in the dedicated area in the plastic housing adja-
cent to the array or let the fl uid wet the array by touching the 
surface with the drop hanging from the pipette tip.   

   11.    Complete drying of arrays after blocking affects assay perfor-
mance negatively. When a long time passes between washing 
and application of the assay mixture, the arrays may dry com-
pletely (white appearance). When it is expected that the time 
between the end of the washing step and application of assay 
mix will be more than 15 min, the PamChip ®  disposable(s) 
may be removed from the instrument and stored in the origi-
nal pouch to prevent further drying.   

   12.    For a recombinant phosphatase the optimal input must be 
determined by testing a concentration series of the phospha-
tase. The input suggested by the supplier is a good starting 
point. When such information is not available, a range between 
1 and 100 nmol or 1 and 1000 ng per array can be tested to 
determine the optimal concentration.   

   13.    When preparing a concentration series of a phosphatase, one 
assay master mix containing the highest concentration phos-
phatase is made and one without. The latter is used to dilute 
the phosphatase containing assay master mixture. This method 
avoids errors due to variation in pipetting small volumes.   

   14.    Since recombinant phosphatases may be sensitive to freeze–thaw 
cycles, they must be treated according to the instruction of the 
manufacturer. In many cases, preparing aliquots of the recombi-
nant phosphatase is suggested to avoid freeze–thaw cycles.   
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   15.    Lysates should be centrifuged shortly in a precooled centrifuge 
before addition to the assay mix to remove precipitates that 
could be present.   

   16.    The optimal amount of lysate per array must be determined. 
In general, 0.2–5 μg of protein per array results in a robust 
signal (Fig.  3 ). For an optimization experiment, it is suggested 
to test three input concentrations, with the middle concentra-
tion repeated with a generic phosphatase  inhibitor   like 1.0 mM 
sodium vanadate spiked-in to confi rm that the activity deter-
mined can also be inhibited. Signals increase with input con-
centration till an optimum is reached.   

   17.    It is advised to dilute the samples in M-PER lysis buffer with 
freshly added  protease inhibitors   since the inhibitors are not 
resistant to freeze–thaw cycles.   

   18.    Although the phosphatase activity in some samples can with-
stand several freeze–thaw cycles, other lysates are more suscep-
tible to freezing–thawing. Therefore, it is advised to aliquot 
samples after lysis so as to avoid freeze–thaw cycles.   

   19.    To establish that  bona fi de  phosphatase activity is measured 
controls should be performed to assure that activity depends on 
the phosphatase input concentration and that it can be inhibited 
by a generic phosphatase  inhibitor   like sodium vanadate.   

   20.    Other programs can be used for signal quantitation, but are 
not designed to deal with a large number of arrays nor with the 
kinetic readouts.   

   21.    The grid is placed on the last image of a series. When the cam-
era position has slightly shifted during the run, grid placement 
may be inaccurate. In such cases separate analysis of images 
(see manual for more instructions) is helpful.   

   22.    When fl uorescent speckles are visible on many arrays, precipi-
tates in the antibody solution may be the cause. Remove those 
by centrifugation of the antibody solutions and transfer to 
clean tubes.              
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    Chapter 5   

 Tailor-Made Protein Tyrosine Phosphatases: 
In Vitro Site- Directed Mutagenesis of PTEN and PTPRZ-B                     

     Sandra     Luna    ,     Janire     Mingo    ,     Olaia     Aurtenetxe    ,     Lorena     Blanco    , 
    Laura     Amo    ,     Jan     Schepens    ,     Wiljan     J.     Hendriks    , and     Rafael     Pulido      

  Abstract 

   In vitro site-directed mutagenesis (SDM) of protein tyrosine phosphatases (PTPs) is a commonly used 
approach to experimentally analyze PTP functions at the molecular and cellular level and to establish func-
tional correlations with PTP alterations found in human disease. Here, using the tumor-suppressor PTEN 
and the receptor-type PTPRZ-B (short isoform from  PTPRZ1  gene) phosphatases as examples, we provide 
a brief insight into the utility of specifi c mutations in the experimental analysis of PTP functions. We describe 
a standardized, rapid, and simple method of mutagenesis to perform single and multiple amino acid substitu-
tions, as well as deletions of short nucleotide sequences, based on one-step inverse PCR and DpnI restriction 
enzyme treatment. This method of SDM is generally applicable to any other protein of interest.  

  Key words     Site-directed mutagenesis  ,   PCR  ,   Protein tyrosine phosphatase  ,   PTEN  ,   PTPRZ-B  , 
  PTPRZ1  

1      Introduction 

  The directed  alteration   of cDNA sequences to modulate protein 
function in in vitro or in vivo experimental settings constitutes one 
of the basic approaches to establish, at the molecular and cellular 
level, protein structure-activity relationships governing biological 
processes. Together with structural and functional studies, SDM 
applied to relevant proteins has emerged as an indispensable tech-
nique to test and validate experimental hypothesis and to charac-
terize intrinsic protein biological activities, as well as to defi ne the 
mechanism of action of specifi c drugs. Site-directed mutagenesis is 
especially well suited for studying the biological activities of 
enzymes, since protocols for the readout of activity are usually 
available. In the case of PTPs, different experimental approaches 
exist to study in vitro PTP biological properties, including catalytic 
activity towards different substrates, sensitivity to inhibitors or 
 redox   regulatory agents, and binding to ligands, substrates, and 



80

regulatory proteins, among others [ 1 – 9 ]. In this regard, mutations 
at the PTP active site have been used to engineer binding sites for 
specifi c inhibitors [ 10 ], as well as to obtain antibodies that specifi -
cally recognize the oxidized conformation of the PTP and keep the 
enzyme in its inactive state [ 11 ]. 

 All Cys-based PTPs follow a two-step enzymatic mechanism 
that starts with a nucleophilic attack on the phospho-substrate by 
the catalytic Cys (located on the CxxxxxR signature motif- 
 containing   catalytic P-loop), which is aided by a general acid 
donating-proton residue, generally an Asp (located in the WPD- 
loop), to release the dephosphorylated substrate. This generates a 
characteristic phospho-enzyme intermediate. In a second step, a 
water molecule is deprotonated by the catalytic Asp (which now 
acts as a general base) and the remaining hydroxyl group attacks 
the P-O thiol-phosphate bond from the phospho-enzyme interme-
diate, releasing the phosphate moiety [ 12 – 16 ]. The conservative 
substitution of the catalytic Cys by a Ser (C/S mutation) is the 
standard enzyme-inactivating mutation used in PTP studies [ 17 ]. 
Importantly, C/S PTP mutations may act as  dominant negative   
PTP variants, likely by binding to substrates (without dephosphor-
ylating them) or by competing with effectors [ 18 – 22 ]. The substi-
tution of the catalytic Asp by an Ala (D/A mutation) renders an 
enzyme with very low activity, which usually binds to substrates 
with higher affi nity than the C/S mutation, being referred as a 
 substrate-trapping   mutation [ 23 ].  Substrate-trapping   D/A muta-
tions have been used successfully to identify  bona fi de  substrates of 
different PTPs, alone [ 24 – 28 ] or in combination with the C/S 
mutation [ 29 ]. A list of residues important for  catalysis   of PTPs, 
using PTPN1/ PTP1B   as a model, is provided in reference [ 30 ]. 

  Protein-protein interactions   constitute a major regulatory 
mechanism in the control of PTP biological activity, not only by 
conferring substrate specifi city but also by regulating the compart-
mentalization and subcellular location of PTPs. This is aided by the 
existence of a domain modular organization on many PTPs that 
specifi cally orchestrate their differential binding to effectors and 
regulators [ 31 – 33 ]. In addition, linear C-terminal amino acid 
motifs that represent canonical binding sites for PDZ protein 
domains are present in some PTPs, including PTEN (-Thr-Lys- Val; 
-TKV motif) and PTPRZ-B (-Ser-Leu-Val; -SLV motif), as well as 
in some  myotubularins.   PDZ domains exist in many scaffolding and 
regulatory proteins, and are considered as major elements in the 
compartmentalization of the cell at the molecular level, with impor-
tant implications in human disease [ 34 ,  35 ]. PDZ-domain binding 
to protein partners can be experimentally manipulated by PDZ-
domain rearrangements, as well as by  mutation of the residues from 
the PDZ-binding motif on the protein partners [ 36 ,  37 ]. 

 PTEN is a lipid- and protein-phosphatase that controls cell 
homeostasis. PTEN behaves as a major tumor-suppressor protein 
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in humans by dephosphorylating PIP3, the product of the  onco-
genic   PI3K, and PTEN functional alterations are strongly associ-
ated with human disease, especially cancer.  PTEN  gene is a frequent 
target of mutations in human tumors, and patients with PTEN 
hamartoma tumor syndrome (PHTS) or with autism spectrum dis-
orders (ASD) carry  PTEN  germ-line mutations [ 38 – 42 ]. Thus, the 
potential to introduce PTEN mutations for experimental purposes 
is required to study PTEN functionality or effects of PTEN disease- 
associated mutations [ 43 ,  44 ]. PTPRZ-B is a receptor-type PTP 
that is encoded by gene   PTPRZ1    and that is mainly (but not exclu-
sively) expressed in the nervous system.   PTPRZ1 -encoded   protein 
isoforms are involved in the regulation of cell-cell and cell- 
extracellular matrix interactions, and display both tumor suppres-
sive and oncogenic properties [ 45 – 50 ]. In addition,     PTPRZ1  
isoforms are involved in myelination processes [ 51 – 53 ], and they 
have been proposed as a target for Parkinson’s disease and schizo-
phrenia [ 54 ,  55 ]. Both PTEN and PTPRZ-B bind PDZ domains 
through their C-terminal PDZ-binding motifs, which impacts on 
their stability, subcellular location, and function [ 36 ,  56 – 59 ]. 

 Mutations useful to study the functions of PTEN and PTPRZ-B 
in any cell system or experimental setting are illustrated in Table  1 . 
These include specifi c mutations affecting the  catalysis   or the binding 
to PDZ domains of PTEN and PTPRZ-B, and may be extended to 
other PTPs. Using PTEN and PTPRZ-B cDNAs in different plas-
mid backgrounds, we describe a standardized, rapid, and simple 
mutagenesis method to obtain single and multiple  amino acid sub-
stitutions  , as well as short-length nucleotide deletions. The method 
is based on one-step inverse PCR followed by DpnI restriction 
enzyme treatment and direct  E. coli   transformation  , and can poten-
tially be applied to any other cDNA of interest.

   Table 1  
   Amino acid substitution   mutations of utility to study PTEN and PTPRZ-B function   

 Mutation  Location  Functional consequence  References 

 PTEN a  
 C124S  PTP  domain   (P-loop)  Catalytically inactive (full)  [ 61 – 63 ] 
 G129E  PTP domain (P-loop)  Loss of  lipid phosphatase   activity  [ 64 ] 
 Y138L  PTP domain  Loss of  protein   phosphatase activity  [ 65 ] 
 D90A  PTP domain (WPD-loop)  Catalytically inactive;  substrate trapping    [ 66 ] 
 V403A  C-terminal tail  Loss of PDZ-domain binding  [ 59 ] 

 PTPRZ-B b  
 C1073S  PTP D1 domain (P-loop)  Catalytically inactive (full)  [ 57 ,  67 ] 
 D1041A  PTP D1 domain (WPD-loop)  Catalytically inactive; substrate trapping  [ 68 ] 
 S1453A  C-terminal tail  Loss of PDZ-domain binding  [ 58 ] 
 V1455A  C-terminal tail  Loss of PDZ-domain binding  Predicted 

   a Amino acid numbering corresponds to the major human PTEN isoform (NP_000305) 
  b Amino acid numbering corresponds to the short human PTPRZ-B isoform (NP_001193767)  
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2       Materials 

 All solutions are prepared in double-distilled, RNase-free water. 
Plasticware is autoclaved or sterilized by ethylene oxide. 

       1.    Plasmid containing the PTP cDNA to be mutagenized ( see  
 Note    1  ).   

   2.    Mutagenic  oligonucleotide primers   ( see   Note    2  ).   
   3.    High-fi delity DNA polymerase and dNTPs ( see   Note    3  ).   
   4.    DpnI restriction enzyme (target sequence 5′-Gm 6 ATC-3′) 

( see   Note    4  ).   
   5.     E. coli  competent cells ( see   Note    5  ).   
   6.    TNE buffer: 50 mM Tris–HCl pH 7.5, 100 mM NaCl, 5 mM 

EDTA.   
   7.    10× TCM buffer: 100 mM Tris–HCl pH 7.5, 100 mM CaCl 2 , 

100 mM MgCl 2 .   
   8.    LB medium: 1 % Tryptone, 0.5 %  yeast   extract, and 1 % NaCl.   
   9.    LB-Ampicillin (LB-Amp) plates: 1 % Tryptone, 0.5 %  yeast 

  extract, 1 % NaCl, 0.01 % NaOH, 1.5 % agar, and 100 μg/ml 
ampicillin.   

   10.    Plasmid DNA purifi cation kit.   
   11.    Agarose gel electrophoresis and DNA visualization reagents.   
   12.    Thermocycler.   
   13.    Shaking incubator.   
   14.    Ultraviolet light detection system.       

3    Methods 

 This  mutagenesis   method is based on the QuikChange™ Site- 
Directed  Mutagenesis   procedure, which consists of one-step 
inverse PCR from a methylated double-stranded DNA (dsDNA) 
plasmid followed by DpnI restriction enzyme treatment, eliminat-
ing the need for subcloning and single-stranded DNA (ssDNA) 
rescue. Our procedure utilizes a supercoiled dsDNA vector with 
the insert of interest, and synthetic oligonucleotide  mutagenic 
primers   with a standardized predesigned length (see below). 
The  oligonucleotide primers   are extended during temperature 
cycling by a high-fi delity DNA polymerase, which generates a non- 
methylated mutated nicked plasmid. The  PCR   product is directly 
treated with DpnI endonuclease to digest the parental methylated 
DNA template, followed by  transformation   into competent bacteria. 
Examples are provided for single- amino acid substitutions   and 

2.1  Site-Directed 
Mutagenesis of PTPs
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deletions on human PTEN (1.2 kb cDNA; NM_000314, 
NP_000305) (Figs.  1  and  2 , Table  2 ) and for single and multiple- 
 amino acid substitutions   on human PTPRZ-B (4.3 kb cDNA; 
NM_001206838, NP_001193767) (Fig.  3 ). Note that for both 
single and multiple mutations we run a single  PCR  .

Mutagenesis 
conditions 

Template 
plasmid 

Number of 
colonies 

Mutagenesis 
efficiency 

+ Pwo + DpnI 
pRK5-PTEN 198 3/3 

pYES2-PTEN 115 3/3 

+ Pwo - DpnI 
pRK5-PTEN 231 0/3 

pYES2-PTEN 172 0/3 

-Pwo + DpnI 
pRK5-PTEN 0 -- 

pYES2-PTEN 0 -- 

 

 

  

(+) 5’-TGGATTCGACTTAGGCTTGACCTATATTT-3’
(-) 5’-AAATATAGGTCAAGCCTAAGTCGAATCCA-3’

PTEN D24G: GAC → GGC 

           +    +     +    +     +     +     -     -    -      -     -     -   
Pwo 
DpnI 

pRK5 pRK5 pYES2 pYES2 

PTEN D24G 

         +    +     +    +     +     +    +    +    +     +    +    + 

1      2      3      4      5      6     7      8      9     10    11    12    13 

←1.2 kb 

4.8 kb 
5.9 kb 

          +      +     +     +      -      -   
          +      +     -       -     +     +  

PTEN D24G 

Pwo 
DpnI 

1       2       3       4       5       6       7 

   6 kb 
7.1 kb 

a

b

d

c

  Fig. 1    Monitoring of standardized site-directed  mutagenesis   using a PTEN  amino acid substitution   as an exam-
ple. ( a )  Mutagenic primers   of 29-mer predefi ned length (13 +  3  + 13, codon substituted  underlined ). The  amino 
acid substitution   (D24G) is indicated using the amino acid one-letter code. +, forward primer; −, reverse primer. 
( b ) Linear DNA obtained on the mutagenic  PCR  , as resolved by 1 % agarose gel electrophoresis. pRK5 PTEN is 
6 kb size, whereas pYES2 PTEN is 7.1 kb size. The parental circular DNA is in low amount and not visualized. 
Note the lack of  PCR   product in the absence of DNA polymerase ( lanes 6  and  7 ). ( c ) Control restriction enzyme 
digestions (XbaI + SalI, cutting out the 1.2 kb PTEN insert) of plasmid DNA obtained from bacteria transformed 
with the mutagenic  PCR   product. Three colonies were analyzed from each condition. In  lanes 1  from ( b ) and ( c ), 
molecular markers (BstEII digestion of λ phage) are shown. ( d ) Effi ciency of bacteria  transformation   with the 
mutagenic  PCR   product (number of bacteria colonies after  transformation   with the DpnI-treated  PCR   product) 
and  mutagenesis   effi ciency (number of mutated samples with respect to the number of samples sequenced) 
achieved from each condition are indicated. Note that in the absence of DpnI, the parental template plasmid 
gives a background of non-mutated samples. In the absence of DNA polymerase (but presence of DpnI) no 
colonies should be obtained, as an indication of the effi ciency of DpnI digestion       
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            1.    Design the mutagenic  oligonucleotide primers  . In our protocol 
for  amino acid substitutions  , the  mutagenic primers   are two 
fully complementary primers of standardized predefi ned length 
(usually 29-mer), with the mutated codon in the center 
(Fig.  1a ) ( see   Note    2  ) (Mingo et al., submitted). For deletions 
of short sequences of nucleotides, the design of  mutagenic 
primers   follows similar rules, with the junction of the deleted 
sequence in the center (Fig.  2a ).   

3.1  Site-Directed 
Mutagenesis of PTPs

PTEN

a

b

c

d

1                 2        3       4      5  

←6 kb

PTEN 
E307K ΔI33 M198I-T202

(26)
M198I-T202

(30)

1       2       3       4       5      6      7       8       9     10      11     12    13

←1.2 kb

←4.8 kb

(+) 5’-TTATCCAAACATTGCTATGGGATTTC-3’(26)
(-) 5’-GAAATCCCATAGCAATGTTTGGATAA-3’

PTEN ΔI33: ATTATTGCT → ATTGCT PTEN M198I-T202: GATGATGTTTGAAAAC → GATAAC 
(+) 5’-TGTTTCACAAGATAACTATTCCAATG-3’(26)
(-) 5’-CATTGGAATAGTTATCTTGTGAAACA-3’

(+) 5’-GTTGTTTCACAAGATAACTATTCCAATGTT-3’(30)
(-) 5’-AACATTGGAATAGTTATCTTGTGAAACAAC-3’

Mutation
Length of
mutagenic

primers

Number of
colonies

Mutagenesis
efficiency

E307K 29 252 3/3

ΔI33 26 296 3/3

M198I-T202 26 3 2/3

M198I-T202 30 64 2/3

  Fig. 2    Monitoring of standardized site-directed  mutagenesis   using PTEN  amino acid substitution   and nucleo-
tide deletions as examples. ( a )  Mutagenic primers   of 26-mer or 30-mer predefi ned length (13 +  0  + 13 or 
15 +  0  + 15, respectively, where  0  indicates the  underlined  deleted nucleotides). The  arrows  indicate the nucle-
otide junction after the deletion. The amino acid changes after the nucleotide deletion are indicated as follows: 
ΔI33, deletion of I33; M198I-T202, M198I substitution plus deletion of residues 199–201. +, forward primer; −, 
reverse primer. ( b ) Linear DNA obtained on the mutagenic  PCR   (pRK5 PTEN as template plasmid), as resolved 
by 1 % agarose gel electrophoresis. The E307K amino acid substitution (29-mer mutagenic primers) was 
included for comparison. ( c ) Control restriction enzyme digestions (XbaI + SalI, cutting out the 1.2 kb PTEN 
insert) of plasmid DNA obtained from bacteria transformed with the mutagenic  PCR   product. Three colonies 
were analyzed from each condition. In  lanes 1  from ( b ) and ( c ), molecular markers (BstEII digestion of λ phage) 
are shown. ( d ) Effi ciency of bacteria  transformation   with the DpnI-treated  PCR   product, and  mutagenesis 
  effi ciency are indicated. Note that two different set of primers (26-mer or 30-mer) were used for the M198I-T202 
 mutagenesis  . Note that sometimes the amplifi ed  PCR   product is barely detected [see  lanes 4  and  5  from panel 
( b )], but it is enough to obtain colonies with the desired mutation       
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     Table 2  
  Effi ciency of  amino acid substitution  -standardized  mutagenesis   of PTEN a    

 Mutation b   GC content (%)  Tm c   Number of colonies   Mutagenesis   effi ciency 

 M1I (ATG → ATA)  48  75  22  1/1 

 K6E d  (AAA → GAA)  48  75  12  1/1 

 K6I d  (AAA → ATA)  45  74  8  1/1 

 N12T e  (AAC → ACC)  41  72  12  1/1 

 R14G d  (AGG → GGG)  41  72  20  1/2 

 D24G (GAC → GGC)  38  71  58  1/1 

 E43G (GAA → GGA)  48  75  11  1/1 

 I50T (ATT → ACT)  31  68  19  1/1 

 Y65C e  (TAC → TGC)  34  69.5  8  1/1 

 Y68N e  (TAC → AAC)  34  69.5  9  2/3 

 Y68H e  (TAC → CAC)  38  71  15  1/1 

 Y68C e  (TAC → TGC)  38  71  32  1/1 

 L70P e  (CTT → CCT)  38  71  14  1/1 

 K80E d  (AAA → GAA)  41  72  5  1/1 

 I101T d  (ATC → ACC)  41  72  20  1/1 

 D107G d  (GAT → GGT)  48  75  10  1/1 

 L112P (CTA → CCA)  45  74  10  1/1 

 H123R (CAC → CGC)  45  74  25  1/1 

 R130L (CGA → CTA)  45  74  38  1/1 

 G132D d  (GGT → GAT)  38  71  32  1/2 

 R142P (CGG → CCG)  24  65  44  1/1 

 R159G d  (AGG → GGG)  48  75  39  1/1 

 Q171E (CAG → GAG)  48  75  15  1/2 

 M205V (ATG → GTG)  45  74  19  1/1 

 D252V (GAT → GTT)  41  72  55  1/1 

 K254T e  (AAA → ACA)  45  74  26  1/1 

 V255A (GTA → GCA)  41  72  100  1/1 

   a  Mutagenesis   was performed using the plasmid pYES2 PTEN as the template, and 29-mer-length  mutagenic primers  , 
as shown in Fig.  1a  
  b The nucleotide substitutions and the resulting amino acid changes (one-letter amino acid code) are indicated 
  c Tm was calculated according to the QuikChangeTM manual (Agilent Technologies) 
  d One of the primers from the mutagenic  primer   pair has G or C in 3′ position 
  e Both primers from the mutagenic  primer   pair have G or C in 3′ position 
 Data are shown as in Fig.  1d   
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   2.    Prepare the mutagenic  PCR   mix (25 μl): 14.25 μl H 2 O, 5 μl 
template plasmid (at 5 ng/μl) ( see   Note    1  ), 1.25 μl dNTP mix 
(at 4 × 2.5 mM), 2.5 μl buffer Pwo 10× (Roche), 0.1 μl DNA 
polymerase Pwo (at 5 U/μl; Roche), and, in the case of a sin-
gle mutation (one primer pair), 1 μl of each mutagenic  primer 
  (at 10 μM). In the case of multiple mutations (one primer 
pair/mutation), we keep constant the fi nal concentration of 
primers preparing a mix of primer pairs from the 10 μM primer 
stocks (same volume each primer) and adding 2 μl of the mix 
to the mutagenic  PCR   mix.   

Mutation Number of
colonies

Mutagenesis
efficiency

C1073S 13 2/2

D978A 50 1/2

R1112I 37 2/2

F992V 8 2/2

Q911P 15 2/2

V1455A 16 1/2

L1454A 37 2/2

PTPRZ-B

2 3 4 5 6 7 81

← 3.5 kb
← 6.5 kb

PTPRZ-B

1 2 3 4 5 6 7 8

← 10 kb

Mutation Number of
colonies

Mutagenesis efficiency

D��8A C����S D��8A/
C����S

D978A/
C1073S 10 4/6 0/6 2/6

a

b

c

  Fig. 3    Monitoring of standardized site-directed  mutagenesis   using PTPRZ-B  amino acid substitutions   as exam-
ples. ( a ) Linear DNA obtained on the mutagenic  PCR   (pCDNA3 PTPRZ-B as template plasmid, 10 kb size), as 
resolved by 1 % agarose gel electrophoresis. The  amino acid substitutions   are indicated using the amino acid 
one-letter code. ( b ) Control restriction enzyme digestions (XbaI, cutting out a 3.5 kb fragment of PTPRZ-B 
insert) of plasmid DNA obtained from bacteria transformed with the mutagenic  PCR   product. Two colonies 
were analyzed from each condition (see  left panel  c; digestion is only shown for one colony each). In  lanes 1  
from ( a ) and ( b ), molecular markers (BstEII digestion of λ phage) are shown. ( c ) In the  left panel , the effi ciency 
of bacteria  transformation   with the DpnI-treated  PCR   product and  mutagenesis   effi ciency are indicated, cor-
responding to the  mutagenesis   shown in ( a ). Note that sometimes the amplifi ed  PCR   product is barely detected 
[see  lane 5  from panel ( a )], but it is enough to obtain colonies with the desired mutation. In the  right panel , data 
are shown for the simultaneous obtaining of two mutations at two distinct target sites, running a single  PCR 
  reaction with a mix of two pairs of  mutagenic primers         
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   3.    Run the mutagenic  PCR  , using the following cycling conditions 
( see   Note    6  ):

 ●    For PTEN  mutagenesis  : 1 min at 95 °C, followed by 18 
cycles of 50 s at 95 °C (denaturation), 50 s at 60 °C (anneal-
ing), and 5 min at 68 °C (extension), and followed by a 
fi nal 7-min extension at 68 °C and cooling at 4 °C.  

 ●   For PTPRZ-B  mutagenesis  : 1 min at 95 °C, followed by 
18 cycles of 50 s at 95 °C (denaturation), 50 s at 60 °C 
(annealing), and 7 min at 68 °C (extension), and followed 
by a fi nal 7-min extension at 68 °C and cooling at 4 °C.      

   4.    Transfer 10 μl of the  PCR   product to a new Eppendorf tube 
and add 0.15 μl of the DpnI restriction enzyme (20 U/μl) 
( see   Note    4  ). Mix carefully the solution and incubate at 37 °C 
for 2–3 h ( see   Note    7  ). For long-term storage, keep the 
undigested  PCR   product at 4 °C, and the DpnI-digested  PCR 
  product at −20 °C ( see   Note    8  ).   

   5.     Optional : Run 5–10 μl of the undigested  PCR   product on 1 % 
agarose gel to monitor the effi ciency of the  PCR   amplifi cation. 
A linear DNA migrating as the size of the template should be 
detected ( see   Note    9  ).   

   6.    Transform bacteria: Mix, in a 14 ml polypropylene round- 
bottom tube, 10 μl of TCM 10×, 10 μl of TNE, and 2 μl of the 
DpnI-treated  PCR   product ( see   Note    10  ). Keep on ice for 
5 min; then, add 20 μl  E. coli  competent cells ( see   Note    5  ) and 
incubate on ice for 15–30 min. Heat-shock the mix by incu-
bating the tube in a 42 °C water bath for 90 s, followed by 
incubation at 20 °C for 10 min. Add 300 μl of LB medium, 
and incubate under shaking at 37 °C for 80 min.   

   7.    Plate the  transformation   mix on LB-ampicillin agar plates, air- dry, 
and incubate inverted at 37 °C for 16 h ( see   Note    11  ).   

   8.    Pick individual colonies to inoculate 3 ml of LB-ampicillin and 
grow for 16 h at 37 °C under constant shaking.   

   9.    Purify the plasmid DNA according to standard procedures and 
check the resulting plasmid for the presence of the desired 
mutation by restriction enzyme and DNA  sequencing   analysis 
( see   Notes    12   and   13  ).     

 An example of an  amino acid substitution    mutagenesis   on 
PTEN, using different template plasmids and a pair of 29-mer pre-
defi ned length  mutagenic primers  , is provided in Fig.  1 . These 
experiments illustrate the monitoring of the  mutagenesis   by ana-
lyzing the effi ciency of the  PCR   (amount of amplicon and number 
of bacteria colonies after  transformation)   and of the  mutagenesis 
  (number of  sequencing  -confi rmed mutated samples per number of 
samples sequenced). Examples of  mutagenesis   results obtained 
using different template plasmids (different vectors with PTEN 
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and PTPRZ-B cDNA inserts) and  mutagenic primers   are shown in 
Figs.  2  and  3 . In all cases, the  PCR   product resolved by agarose gel 
electrophoresis is shown. Note that the amount of this amplifi ed 
linear DNA correlates with the number of bacteria colonies 
obtained after  transformation   with the DpnI-digested  PCR   product. 
Data on the  mutagenesis   effi ciency are also provided. In addition, 
an example of the simultaneous incorporation of two separate 
mutations in the PTPRZ-B cDNA (resulting in two different 
 amino acid substitutions)   is provided in Fig.  3c . Finally, examples 
from an extensive  mutagenesis   of PTEN are also given in Table  2 .   

4                          Notes 

     1.     Mutagenesis   protocols coupled to digestion with DpnI 
restriction enzyme (target sequence 5′-Gm 6 ATC-3′) require a 
Dam- methylated DNA plasmid template, which is produced 
by most of laboratory cloning  E. coli  strains ( dam +).   

   2.    In our standardized protocol, we use  mutagenic primers   of 
predefi ned length, irrespective of their Tm, GC content, and 
GC localization (Table  2 ) (Mingo et al., submitted). As a gen-
eral rule, for single- amino acid substitutions  , we use 29-mer 
 mutagenic primers   (13 +  3  + 13; 13 nucleotides fl anking each 
side of the codon to be changed [underlined]). For deletion of 
one amino acid, we use 26-mer primers (13 +  0  + 13; where 0 
indicates the deleted nucleotides). For larger nucleotide dele-
tions we increase the length of the  mutagenic primers 
  (15 +  0  + 15) (see an example in Fig.  2 ). It is possible that for 
templates diffi cult to amplify, the design of the  mutagenic 
primers   needs further optimization. For simultaneous  muta-
genesis   of several target sequences (multiple  mutagenesis  ), we 
prepare a mix of all the mutagenic  primer   pairs and use the 
same fi nal amount of total primers than for a single  mutagen-
esis  . In our experience, double and triple mutations are easily 
obtained by this procedure in a single  PCR   reaction.   

   3.    High-fi delity thermostable DNA polymerases are required to 
avoid incorporation of undesired mutations. In addition, some 
thermostable DNA polymerases, such as Taq polymerase, add 
undesired “A-tails” in the  PCR   product. The examples shown 
here have been performed using Pwo DNA polymerase 
(Roche), but many other high-fi delity thermostable DNA 
polymerases are suitable.   

   4.    The effi ciency of the digestion of the  PCR   product with the 
DpnI restriction enzyme determines the amount of undesired 
parental plasmid that is transformed into bacteria, which pro-
duces wild-type (parental plasmid) colonies. This constitutes 
one of the key parameters of the  mutagenesis   effi ciency. 
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Examples of control experiments to test DpnI effi ciency are 
shown in Fig.  1 . Note that in the absence of DNA polymerase 
no colonies should be obtained if the DpnI enzyme is fully 
effi cient. The examples shown have been performed using 
DpnI from New England Biolabs, but many other DpnI 
enzymes are suitable.   

   5.    We routinely use CaCl 2 -competent DH5α  E. coli  cells [ 60 ] for 
direct  transformation   of the DpnI-digested  PCR   product. To 
make a stock of competent bacteria from 50 ml culture, we 
resuspend the fi nal bacteria pellet in a volume of 2 ml CaCl 2  
0.1 M, and keep frozen at −80 °C in aliquots of 50 μl. 
Commercial ultra-competent bacteria, available from different 
vendors, are also suitable.   

   6.    Optimization of  PCR   cycling conditions may be necessary if 
the template plasmid is of large size or diffi cult to amplify. As a 
general rule, 1 min of extension is recommended per kb of 
template size. Number of cycles can be increased, although 
this may raise the frequency of undesired mutations. In addi-
tion, the amount of parental template plasmid can be increased, 
although this may result (depending on the DpnI effi ciency) in 
higher background from the parental plasmid (the  transforma-
tion   effi ciency of the circular parental plasmid exceeds that of 
the linear  PCR   product) ( see  also  Note    7  ).   

   7.    It is advisable to test the effi ciency of the DpnI digestion with 
different incubation times, taking into consideration the 
amount of template plasmid used ( see  Fig.  1 ). For convenience 
with time distribution, overnight digestion with DpnI can be 
performed, although nonspecifi c digestion will decrease the 
 mutagenesis   effi ciency.   

   8.    If required, the  PCR   product can be stored at 4 or −20 °C for 
some time before being treated with DpnI. Similarly, the 
DpnI-digested  PCR   product may be stored for longer periods 
at −20 °C before the  transformation   of bacteria is taken up.   

   9.    In general, the number of colonies obtained from the  muta-
genesis   is proportional to the amount of amplifi ed DNA from 
the mutagenic  PCR   (monitored by agarose gel electrophoresis 
in  step 5 ; the parental template plasmid is not detectable at 
these amounts). It is recommended to transform bacteria with 
the DpnI-digested  PCR   product even when the amplicon is 
not detectable on gel, since a small number of colonies is 
enough to obtain the desired mutation ( see  Figs.  2  and  3 ).   

   10.    The amount of DpnI-digested  PCR   product to transform bac-
teria can be increased, although this may increase background 
due to the parental plasmid (depending on the DpnI effi ciency; 
 see  also  Note    7  ).   
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   11.    Our routine  mutagenesis   experiments yield 20–200 colonies 
after  transformation   with 2 μl of DpnI-digested  PCR   product. 
If no colonies are obtained,  see   Notes    2  ,   6  , and   10  .   

   12.    Before  sequencing  , we routinely check by restriction analysis 
that the amplifi ed DNA corresponds to the template plasmid.   

   13.    The mutation effi ciency under our standardized  mutagenesis 
  conditions is about 85 %.  Sequencing   of one to three colonies 
should be enough to obtain the desired mutation from a single 
 mutagenesis   experiment. In the case of multiple  mutagenesis  , 
take into consideration that a mix of individual and multiple 
mutations is likely to be obtained, necessitating the analysis of 
a larger number of colonies ( see  Fig.  3c , right panel).          
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    Chapter 6   

 Assays to Measure PTEN Lipid Phosphatase Activity 
In Vitro from Purifi ed Enzyme or Immunoprecipitates                     

     Laura     Spinelli     and     Nicholas     R.     Leslie      

  Abstract 

   PTEN is a one of the most frequently mutated tumor suppressors in human cancers. It is essential for 
regulating diverse biological processes and through its lipid phosphatase activity regulates the PI 3-Kinase 
signaling pathway. Sensitive phosphatase assays are employed to study the catalytic activity of PTEN against 
phospholipid substrates. Here we describe protocols to assay PTEN lipid phosphatase activity using either 
purifi ed enzyme (purifi ed PTEN lipid phosphatase assay) or PTEN immunopurifi ed from tissues or 
cultured cells (cellular IP PTEN lipid phosphatase assay) against vesicles containing radiolabeled PIP 3  
substrate.  

  Key words     PTEN  ,   Phosphoinositide  ,   Phosphatase  ,   Phosphate  ,   Tumor suppressor  ,   PI3-Kinase  , 
  Cancer  

1      Introduction 

   Phosphatase   and tensin homolog deleted on chromosome 10 
(PTEN) is a phosphatase that mainly localizes in the cytoplasm and 
antagonizes the  phosphoinositide   3-kinase (PI3K) signaling 
 pathway   by dephosphorylating plasma membrane localized 
phosphatidylinositol- 3,4,5-trisphosphate (PIP 3 ) and negatively 
regulating its downstream targets [ 1 ]. PTEN has been heavily 
studied due to its status as a tumor suppressor gene in which loss 
of function mutations are identifi ed in many sporadic tumors and 
in the germ line of patients with Cowden disease and related 
phenotypes [ 2 – 6 ]. The predominant product of the  PTEN  gene is 
a 403-amino acid protein structured with an N-terminal phosphatase 
domain (residues 7–185) and a C-terminal C2 domain (residues 
186–351). These two domains constitute the minimal catalytic 
unit [ 7 ,  8 ]. The phosphatase domain contains the highly conserved 
HCXXGXXR(S/T) (CX5R) active site motif, hallmark of protein 
tyrosine  phosphatases   [ 9 ], with Cysteine 124 required for  catalysis   
as the active site nucleophile, and with many different mutations to 
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the phosphatase domain resulting in loss of the phosphatase 
 activity  . As a lipid phosphatase, it is known that PTEN antagonizes 
 PI3-Kinase  , dephosphorylating at the D3 position, the  PI3K   lipid 
product  PtdIns(3,4,5)P 3   , which is generated by  PI3K   phosphory-
lation of PtdIns(4,5)P 2  [ 10 ,  11 ]. Through this mechanism PTEN 
affects AKT/PKB and other PIP 3 -regulated proteins and thus a 
number of cell biological processes regulated by  PI3K   via PIP 3 . 
Assaying PTEN lipid phosphatase activity in vitro is therefore a 
starting point to study PTEN function [ 12 ,  13 ]. Here, we describe 
in vitro protocols and present example data (Fig.  1 ), studying the 
catalytic activity of PTEN against  phospholipid vesicle   substrates 
containing radiolabeled PIP 3  that in our experience can give sub-
stantially greater sensitivity than assays detecting  phosphate   release 
using  malachite green   reagent and can detect low ng quantities of 
input enzyme.

2       Materials 

       1.     PtdIns(4,5)P 2 .    Prepare 1 mM stock in methanol–chloroform 
1:1. Store at −20 °C ( see   Note    1  ).   

   2.     Phosphatidylserine   (PS). Prepare a 5 mM stock in: chloroform–
methanol 1:1. Store at −20 °C.   

2.1  Production 
of 3-( 33 P)-PtdIns
(3,4,5)P 3 

  Fig. 1    PTEN assay data. Example experiments following the described protocol are 
shown using either ( a ) GST-PTEN (1 h and 500 ng enzyme at 30 °C assaying either 
wild-type enzyme or the phosphatase inactive mutant PTEN C124S) or ( b ) Untagged 
recombinant human PTEN protein was immunoprecipitated from 1 mg soluble 
protein extract derived from PTEN null U87MG cells. In the latter case, cells were 
transduced with viruses encoding  either   GFP, wild-type PTEN or PTEN 
C124S. Western  blots   using anti-PTEN antibodies display the amount of PTEN 
protein in each assay. This fi gure is adapted from data previously published [ 6 ]       
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   3.    Resuspension buffer: 25 mM Hepes pH 7.4, 100 mM NaCl, 
and 1 mM EGTA.   

   4.    γ- 33 P  ATP  . Stored at −20 °C following radioisotope 
guidelines.   

   5.     PI3K   α (p110α and p85α heterodimer co-expressed and puri-
fi ed from insect cells or commercially available) and stored in 
small aliquots at −80 °C.   

   6.    Reaction buffer: 25 mM Hepes pH 7.4, 100 mM NaCl, 1 mM 
EGTA, 0.2 mM EDTA, 2.5 mM MgCl 2 , 1 mM DTT, 1 mM 
sodium orthovanadate, 0.2 mM PMSF, 1 mM benzamidine 
( see   Note    2  ).   

   7.    Assay termination buffer: chloroform–methanol–HCl 
(40:80:1) ( see   Note    3  ).   

   8.    Chloroform (CHCl 3 ).   
   9.    0.1 M HCl.   
   10.    Synthetic upper phase ( see   Note    4  ).   
   11.    Phosphorylated substrate resuspension solvent: chloroform–

methanol (2:1 v/v) ( see   Note    5  ).   
   12.    Cup horn bath sonicator.   
   13.    Centrifuge vacuum dryer.   
   14.    Scintillation cocktail.   
   15.    Liquid scintillation counter.       

       1.    Phosphatidylcholine (PC). Prepare a 33 mM stock in: chloroform–
methanol 1:1. Store at −20 °C.   

   2.     diC16 PtdIns(3,4,5)P 3   . Prepare 1 mM stock in methanol–
chloroform 1:1. Store at −20 °C ( see   Note    6  ).   

   3.     33 P- PtdIns(3,4,5)P 3    prepared and stored as described.   
   4.    Lipid Vesicle resuspension buffer: 10 mM Hepes pH 7.4, 

1 mM EGTA.   
   5.    Purifi ed recombinant PTEN protein (usually 100 ng per assay) 

in buffer containing: 50 mM Tris–HCl pH 7.4, 150 mM NaCl, 
1 mM EGTA, 1 mM DTT, 10 % glycerol. Store in small 
aliquots at −80 °C ( see   Note    7  ).   

   6.    Reaction buffer: 50 mM Hepes pH 7.4, 150 mM NaCl, 1 mM 
EGTA, 10 mM DTT.   

   7.    Bovine serum albumin (BSA) (10 mg/ml) ( see   Note    8  ).   
   8.    1 M perchloric acid (PCA) ( see   Note    9  ).   
   9.    10 % (v/v) ammonium molybdate ( see   Note    10  ).   
   10.    Toluene–isobutyl alcohol (1:1 v/v) ( see   Note    11  ).   
   11.    Scintillation cocktail.   

2.2  In Vitro PTEN 
Lipid Phosphatase 
Assay Components

Assays to Measure PTEN Lipid Phosphatase Activity…
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   12.    Centrifuge vacuum dryer.   
   13.    Cup horn bath sonicator.   
   14.    Scintillation counter.      

       1.    Tissue or cultured mammalian cells expressing PTEN.   
   2.    Cell lysis buffer: 50 mM Tris–HCl pH 7.4, 150 mM NaCl, 

1 mM EDTA, 1 mM EGTA, 5 mM sodium pyrophosphate, 
10 mM β-glycerophosphate, 50 mM NaF, 1 % NP-40 and con-
taining freshly added 0.2 mM phenylmethylsulfonyl fl uoride 
(PMSF), 1 mM benzamidine, and 0.1 % β-mercaptoethanol.   

   3.    1×  phosphate  -buffered saline (PBS).   
   4.    Protein G sepharose FastFlow beads (Sigma-Aldrich, St. Louis, 

MO, USA) ( see   Note    12  ).   
   5.    Washing buffer: 50 mM Tris–HCl pH 7.4, 300 mM NaCl, 

1 mM EDTA, 1 mM EGTA, 5 mM sodium pyrophosphate, 
10 mM β-glycerophosphate, 50 mM NaF, 1 % NP-40 and con-
taining freshly added 0.2 mM PMSF, 1 mM benzamidine, and 
0.1 % β-mercaptoethanol.   

   6.    Anti-PTEN antibody, e.g., Mouse monoclonal A2B1 unconju-
gated (Santa Cruz Biotechnology, Dallas, Texas, USA).   

   7.     Phosphatidylcholine   (PC) (Avanti Polar Lipids, Inc.). Prepare 
a 33 mM stock in: chloroform–methanol 1:1. Store at −20 °C.   

   8.     diC16 PtdIns(3,4,5)P 3    (Cellsignals, Columbus, OH). Prepare 
1 mM stock in methanol–chloroform 1:1. Store at −20 °C ( see  
 Note    6  ).   

   9.     33 P- PtdIns(3,4,5)P 3    prepared as described ( see  Subheading  3.1 ).   
   10.    Lipid Vesicle resuspension buffer: 10 mM Hepes pH 7.4, 

1 mM EGTA.   
   11.    Reaction buffer: 50 mM Hepes pH 7.4, 150 mM NaCl, 1 mM 

EGTA, 10 mM DTT.   
   12.    BSA (10 mg/ml) ( see   Note    8  ).   
   13.    1 M PCA ( see   Note    9  ).   
   14.    10 % (v/v) ammonium molybdate ( see   Note    10  ).   
   15.    Toluene–isobutyl alcohol (1:1 v/v) ( see   Note    11  ).   
   16.    Scintillation cocktail.   
   17.    Centrifuge vacuum dryer.   
   18.    Cup horn bath sonicator.   
   19.    Liquid scintillation counter.   
   20.    4× lithium dodecyl sulfate (LDS) sample loading buffer.   
   21.    β-mercaptoethanol.   
   22.    4–12 % precast SDS-polyacrylamide gel (SDS-PAGE) 

( see   Note    13  ).   

2.3  Immuno-
precipitated Cellular 
PTEN Lipid 
Phosphatase Assay 
Components
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   23.    Polyvinylidene difl uoride (PVDF) membrane.   
   24.    PTEN antibody for immunoblotting. Several good antibodies 

are commercially available and the use of an antibody raised in 
a different species may allow immunoblotting for PTEN 
without interference from secondary antibody recognition of 
the primary anti-PTEN antibody originally used in  immuno-
precipitation  .       

3    Methods 

 Carry out all procedures on ice unless otherwise specifi ed. Work 
with extreme care: remember you are using radioisotopes 
( see   Note    14  ). 

        1.    Plan the scale of the substrate preparation required. Here we 
describe a 100 μl  PI3K   reaction but this could be scaled up or 
down. To a 2 ml screw cap Eppendorf tube add suffi cient vol-
ume of lipid stocks (PS and PtdIns(4,5)P 2 ) that will give a fi nal 
concentration of 100 μM  phosphatidylserine   (PS—2 μl from 
5 mM stock) and 100 μM PtdIns(4,5)P 2  (10 μl from 1 mM 
stock) in the fi nal total volume of aqueous reaction mix.   

   2.    Dry the lipid mixture under vacuum to remove all organic 
solvents ( see   Note    15  ).   

   3.    Submerge the lipid fi lm in 50 μl of Lipid Reaction Buffer 
(LRB): 25 mM Hepes pH 7.4, 100 mM sodium chloride and 
1 mM EGTA.   

   4.    Sonicate the lipid mixture using a cup horn sonicator by three 
cycles of 15 s to resuspend the lipids, forming heterogeneous 
vesicles.   

   5.    To the lipid vesicles add 25 μl  of   Kinase Buffer (25 mM Hepes 
pH 7.4, 100 mM sodium chloride, 1 mM EGTA, 0.2 mM 
EDTA, 2.5 mM MgCl 2 , 1 mM dithiothreitol (DTT), 1 mM 
sodium orthovanadate, 0.2 mM phenylmethanesulfonyl fl uo-
ride (PMSF), 1 mM benzamidine) 500 μCi of (γ- 33 P)  ATP   
(18.5 MBq), and 10 μg of the  PI3K   to a total of 100 μl.   

   6.    Incubate the mixture for 45 min in a water bath at 37 °C.   
   7.    Add a second aliquot of  PI3K   and incubate for further 45 min 

at 37 °C.   
   8.    Terminate the reaction by adding 750 μl of CHCl 3 –CH 3 OH–

HCl (40:80:1).   
   9.    Add 250 μl of chloroform and 400 μl 0.1 M HCl to make the 

ratio CHCl 3  (1)–CH 3 OH (1)–aqueous (0.9).   

3.1  Production 
of 3-( 33 P)- PtdIns(3,4,5)
P 3    Substrate 
by Labeling at the D3 
Position
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   10.    Two layers will form. The sequential addition of solvent com-
ponents is to allow acidifi cation in a single phase before the 
phase split.   

   11.    Remove and discard the all aqueous upper phase and any inter-
phase precipitate ( see   Note    16  ).   

   12.    Wash the lower organic phase three times with synthetic upper 
phase ( see   Note    17  ).   

   13.    Dry the lower phase in a vacuum dryer ( see   Note    18  ).   
   14.    Resuspend the dried substrate in 500 μl of CHCl 3 –CH 3 OH 

(2:1 v/v).   
   15.    Add 2 μl of each of the three washes and 2 μl of substrate to 

individual tubes containing the scintillation cocktail and mix.   
   16.    Determine the radioisotope incorporation into the  33 P labeled 

substrate by using a scintillation counter. Using the initial spe-
cifi c activity of the  ATP  , the concentration of  33 P-PIP 3  can be 
estimated.   

   17.    Store the radiolabeled substrate at −20 °C following appropri-
ate radioisotope guidelines.      

       1.    Determine the total volume of assay mix required for the day’s 
experiments, using a volume of for example 100 μl per assay 
and with some residual.   

   2.    Lipid vesicles are prepared by mixing suffi cient lipid stocks to 
give a fi nal concentration of 100 μM of  phosphatidylcholine   
(PC—from 33 mM stock), 1 μM of  diC16 PtdIns(3,4,5)P 3    in 
the fi nal assay mixture along with a volume of  33 P-PtdIns(3,4,5)
P 3  to give 100,000 dpm counts per assay ( see   Note    19  ).   

   3.    Dry the lipids using a centrifuge vacuum dryer.   
   4.    Submerge the dried substrate in a buffer containing 10 mM 

Hepes pH 7.4 and 1 mM EGTA.   
   5.    Sonicate the mixture in a cup horn sonicator for three 15 s 

bursts, followed by 5 min of ice incubation to prepare lipid 
vesicles.   

   6.    Dilute the enzyme (usually 100 ng (2 pmol) of recombinant 
PTEN per assay) in 50 μl of H 2 O ( see   Note    20  ).   

   7.    Add 25 μl of assay buffer containing 50 mM Hepes pH 7.4, 
1 mM EGTA, 10 mM dithiothreitol (DTT) and 150 mM 
NaCl.   

   8.    Add 25 μl of the radiolabeled substrate vesicles.   
   9.    Incubate for 1 h or, in case of a time course, for the respective 

time points, at 37 °C on a shaker ( see   Note    21  ).   
   10.    Terminate the reaction through the addition of 10 μl of BSA 

(10 mg/ml) and 500 μl of 1 M ice-cold PCA.   

3.2  In Vitro PTEN 
Lipid Phosphatase 
Assay
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   11.    Mix the samples by vortex and incubate for 30 min on ice.   
   12.    Centrifuge the samples at 14,000 ×  g  for 10 min at 4 °C to 

remove precipitated lipid and protein and transfer the superna-
tants to new tubes.   

   13.    Add 10 % (w/v) ammonium molybdate to the supernatant to 
form a complex with free  phosphate   released during the assay, 
which will become soluble in the later organic phase. Vortex 
and incubate for 10 min at room temperature.   

   14.    Add 1 ml toluene–isobutyl alcohol (1:1 v/v). A two-phase mix 
will form.   

   15.    Remove 500 μl of the upper organic phase containing the 
 phosphate   complex and mix it into 8 ml of liquid scintillation 
cocktail.   

   16.    Determine the radioactivity using a liquid scintillation counter.      

       1.    Seed cells, e.g., U87MG (PTEN null) or HEK293T cells (highly 
transfectable), in 10 cm dishes in 10 ml of recommended 
medium. Grow cells in a 37 °C incubator with 5 % CO 2 .   

   2.    If necessary, express wild-type PTEN protein or mutants using 
plasmids  transfection   or lentiviral particles.   

   3.    Immediately prior to lysis, wash the cells twice with 5 ml ice- 
cold 1× PBS.   

   4.    Lyse cells on ice using 1 ml cell lysis buffer per 10 cm dish 
(50 mM Tris–HCl pH 7.4, 150 mM NaCl, 1 mM EDTA, 
1 mM EGTA, 5 mM sodium pyrophosphate, 10 mM 
β-glycerophosphate, 50 mM NaF, 1 % NP-40 and containing 
freshly added 0.2 mM PMSF), 1 mM benzamidine. Rotate the 
dish carefully to let the lysis buffer cover the entire area of 
grown cells.   

   5.    Scrape the cells on ice with a cell scraper. Collect and transfer 
the cell lysates into a 1.5 ml microfuge tube on ice. Incubate 
the lysate on ice for 30 min.   

   6.    Centrifuge the samples at 14,000 ×  g  for 15 min at 4 °C to 
remove any aggregated insoluble proteins and cellular debris.   

   7.    Transfer the supernatant to a new ice-cold microfuge tube and 
keep on ice. Be careful not to transfer any pellet.   

   8.    While the cell lysates are incubating on ice for 30 min, cut the 
narrow end of a P-200 pipette tip and transfer an appropriate 
amount of 50 % protein G sepharose bead slurry (10 μl per 
sample) to a 1.5 ml microfuge tube ( see   Notes    12   and   22  ). 
Wash the beads thrice with 200 μl ice-cold PBS by centrifuging 
at 1000 ×  g  for 1 min.   

   9.    Resuspend the beads in 500 μl of lysis buffer. Pre-couple the 
protein G sepharose beads with the antibody by incubating it 

3.3  In Cell PTEN 
Lipid Phosphatase 
Assay
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with PTEN A2B1 antibody at 4 °C for 1 h while gently mixing 
on a rotating shaker. Centrifuge the antibody-coupled beads at 
2000 ×  g  for 1 min at 4 °C and discard the supernatant. Pipette 
10 μl of PTEN-antibody coupled beads to new Eppendorf 
tubes, one for each sample.   

   10.    Add 1 ml of cell lysate to the PTEN-antibody coupled beads 
and incubate at 4 °C for 1 h with constant rotation.   

   11.    Centrifuge the beads at 2000 ×  g  for 1 min.   
   12.    Wash the beads twice in lysis buffer with high salt (300 mM 

NaCl) and then with reaction buffer (50 mM Hepes pH 7.4, 
1 mM EGTA, 10 mM dithiothreitol (DTT), and 150 mM 
NaCl) ( see   Note    23  ).   

   13.    Aspirate the buffer and proceed for the assay as described 
above.   

   14.    Together with cell lysate used for PTEN  immunoprecipitation   
and assay, samples should be analyzed  by   western blotting in 
order to be able to monitor the level of PTEN expression.   

   15.    For the samples to use for  western blotting   analysis, wash the 
beads thrice using centrifuge tube fi lters ( see   Note    24  ).   

   16.    Add 30 μl of 1× LDS sample loading buffer and leave for 
10 min at room temperature.   

   17.    Spin down the samples. Discard the fi lters and add 10 % 
β-mercaptoethanol to the samples.   

   18.    Heat the samples at 70 °C for 10 min.   
   19.    Resolve the samples on 4–12 % SDS-PAGE gel.   
   20.    After electrophoresis, transfer the proteins from a gel to a 

PVDF membrane, for 1 h at 30 V, in the presence of running 
buffer, using a tank wet transfer system and following standard 
protocols and manufacturer’s guidelines.   

   21.    Dry the PVDF membrane for 30 min and then block it with a 
solution of 5 % (w/v) low fat milk protein or 5 % (w/v) BSA 
made up in TBS-T (25 mM Tris–HCl pH 7.4, 150 mM NaCl, 
2.5 mM KCl, 0.1 % (v/v) Tween 20).   

   22.    Wash the PVDF membrane for 30 min with three buffer 
changes of TBS-T, before its overnight incubation at 4 °C with 
a PTEN primary antibody made up in 5 % (w/v) low fat milk 
protein or 5 % (w/v) BSA in TBS-T.   

   23.    Remove the primary antibody solution and wash the mem-
brane for 30 min including three buffer changes of TBS-T.   

   24.    Incubate the membrane with the appropriate HRP-linked 
secondary antibodies made up in 5 % (w/v) low fat milk in 
TBS- T, for 1 h at room temperature.   
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   25.    Unbound secondary antibody is removed by washing the 
membrane over 30 min with three buffer changes of TBS-T.   

   26.    Detect protein-antibody complexes using HRP chemilumines-
cence detection reagents following manufacturer’ protocols 
( see   Note    25  ).       

4                                   Notes 

     1.    The lipids used are available either in the acid form (Cellsignals, 
PtdIns(4,5)P 2 -diC16 catalog number 902) or sodium salt form 
(PtdIns(4,5)P 2 -diC16-Na catalog number 202). We recommend 
the latter.   

   2.    Prepare the reaction buffer fresh each time. Use frozen ali-
quots of 1 M DTT. Add vanadate, PMSF, benzamidine, and 
DTT just before starting.   

   3.    CHCl 3 –CH 3 OH–HCl (40:80:1) buffer can be made and 
stored at room temperature for short periods (weeks–months) 
in well-sealed glass containers. Evaporation of Chloroform 
during prolonged storage can change the ratio. Use glass 
pipettes or measuring cylinders to measure the solvents.   

   4.    Synthetic upper phase refers to the upper phase solvent mix-
ture after the phase split procedure and is prepared without 
dissolved solutes as a washing reagent. For precise replication 
of the synthetic upper phase solvent preparation,: use a 2 l sep-
arating funnel to mix methanol–chloroform–12 M HCl in a 
ratio 200:100:1 (750 ml fi nal volume). Add 250 ml chloro-
form and 450 ml 0.1 M HCl. Mix thoroughly and leave to 
clarify overnight (shorter times tend to give a slightly cloudy 
phase split). Drain off the upper and lower phase separately 
and store separately at room temperature.   

   5.    CHCl 3 –CH 3 OH (2:1 v/v) buffer can be made and stored at 
room temperature. Do not keep it for too long because evapo-
ration of the components can change the ratio.   

   6.    Cellsignals, sodium salt form ( PtdIns(3,4,5)P 3   -diC16-Na cata-
log number 208).   

   7.    Recombinant PTEN protein can be expressed in E. coli cells as 
a  fusion protein   with  glutathione  S -transferase (GST)  . GST- 
PTEN is immobilized on GSH-Sepharose 4B bead slurry. 
Cleavage of the GST- tag   from the fusion PTEN protein is then 
obtained by using PreScission protease enzyme. Add 10 % 
glycerol to the untagged purifi ed PTEN protein aliquots, snap-
freeze in liquid nitrogen and store the aliquots at −80 °C.   

   8.    We use essentially fatty acid free BSA prepared in water and 
stored at 4 °C.   

Assays to Measure PTEN Lipid Phosphatase Activity…
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   9.    Prepare 1 M PCA and store at 4 °C.   
   10.    Prepare ammonium molybdate 10 % w/v fresh every time. 

Vortex.   
   11.    Prepare toluene–isobutyl alcohol (1:1 v/v) stock and store it at 

room temperature in a well-sealed glass bottle.   
   12.    Resuspend the protein G sepharose beads thoroughly before 

dispensing.   
   13.    Before loading the samples onto the Precast SDS-PAGE gels 

rinse the gels with tap water and gel wells at least three times 
with 1× running buffer.   

   14.    Work in a designed area following the rules agreed by your 
institution. Always monitor the area of work, pipettes, equip-
ment used, and yourself. If spillage occurs, clean and monitor 
the area of interest. Collect all the waste, liquid and/or solid, 
in a specifi c container.   

   15.    The time required for the mixture to dry will vary based on the 
volume.   

   16.    Be careful in removing the upper phase and make sure you 
avoid contamination of the lower phase. Alternatively, the 
lower phase can be removed from below the upper- and inter- 
phases to a fresh tube.   

   17.    Add 2× lower phase volume of synthetic upper phase and leave 
for 5 min. Two layers will form. Keep 2 μl from each wash for 
radioactivity determination.   

   18.    The time required for the mixture to dry will vary based on the 
volume.   

   19.    Calculate the fi nale volume based on 100 μl for each sample 
(e.g., 100 μl ×  N —number of samples). Always prepare a sam-
ple where the enzyme is substituted with water. This will rep-
resent the assay background. If analyzing the activity of 
expressed PTEN mutant proteins always have in your assay a 
PTEN wild-type (positive control) and an inactive mutant, 
e.g., PTEN C124S (catalytically dead—negative control). 
 The addition of a known excess concentration of non- radiolabeled 
PIP 3  provides a more confi dent substrate concentration and 
allows the more accurate analysis of reaction kinetics.   

   20.    Keep proteins always on ice in order to preserve their catalytic 
activity.   

   21.    If you are  performing   a phosphatase assay in a time point 
format, start from the longest time point and in a countdown 
manner add the substrate just before the beginning of the time 
point.   

   22.    Remember to prepare a sample where the beads are incubated 
only with lysis buffer instead of cell lysate. This will represent 
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the assay background. Samples immunoprecipitated from cells 
lacking PTEN allow the assessment of any apparent activity 
derived from other contaminating phosphatases.   

   23.    We use high salt (0.3 M NaCl) washing buffer so that nonspe-
cifi c binding to the beads is reduced and thus likely to be spe-
cifi c to PTEN. Wash the beads at least three times to reduce 
background signals.   

   24.    Use a bench centrifuge or, if available, a vacuum manifold.   
   25.    Use X-ray fi lm processed using an automatic developer or 

acquire the image directly using an imaging system.          
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    Chapter 7   

 Assessing the Biological Activity of the Glucan 
Phosphatase Laforin                     

     Carlos     Romá-Mateo    ,     Madushi     Raththagala    ,     Mathew     S.     Gentry    , 
and     Pascual     Sanz      

  Abstract 

   Glucan phosphatases are a recently discovered family of enzymes that dephosphorylate either starch or 
glycogen and are essential for proper starch metabolism in plants and glycogen metabolism in humans. 
Mutations in the gene encoding the only human glucan phosphatase, laforin, result in the fatal, neurode-
generative, epilepsy known as Lafora disease. Here, we describe phosphatase assays to assess both generic 
laforin phosphatase activity and laforin’s unique glycogen phosphatase activity.  

  Key words     Glycogen  ,   Lafora disease  ,   Dual-specifi city phosphatase  

1      Introduction 

   Lafora   progressive myoclonus epilepsy (LD, OMIM 254780) is a 
rare, fatal, neurological disorder characterized by neurodegenera-
tion, epilepsy, and the accumulation of  glycogen  - like (polygluco-
san) inclusions (named Lafora bodies, LBs) in  neurons   and other 
cell types in peripheral tissues. Two main causative genes have been 
identifi ed,   EPM2A    that encodes the glucan phosphatase laforin 
and  EPM2B  that encodes the E3-ubiquitin ligase malin. It has 
been recently described that laforin and malin regulate  glycogen   
biosynthesis [ 1 – 4 ], explaining why defects in any of these two pro-
teins lead to the accumulation of LBs. 

 Laforin is the only human phosphatase with a carbohydrate- 
binding domain (CBM; belonging to the CBM20 family) in the 
same polypeptide [ 5 ,  6 ]. Laforin also contains a C-terminal dual- 
specifi city phosphatase (DSP)    domain, and utilizes a strictly con-
served cysteine residue (Cys266) at the base of the active site to 
perform nucleophilic attack on the phosphorus atom of the sub-
strate. The  DSPs   are a diverse clade of phosphatases within the 
larger protein tyrosine phosphatase superfamily that includes 
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members able to dephosphorylate  pSer  ,  pThr  ,    and pTyr as well as 
members that dephosphorylate non-proteinaceous substrates such 
as phosphoinositols, nucleic acids, and  glycogen   or starch [ 7 ]. 
Accordingly, recombinant laforin is able to dephosphorylate 
in vitro artifi cial phosphatase  substrates   such as 4- para - 
nitrophenylphosphate (pNPP)  and   3- O -methyl fl uorescein phos-
phate ( OMFP  ; a more sensitive substrate of DSPs)    [ 8 – 10 ]. Laforin 
is the founding member of the glucan phosphatase family, phos-
phatases that dephosphorylate either  glycogen   or starch [ 1 ]. 
Biochemical data,  glycogen   analysis from mouse models, and the 
laforin crystal structure all demonstrate that laforin dephosphory-
lates  glycogen   in vivo [ 11 – 13 ]. 

 More than 33  Lafora disease   point mutations in laforin have 
been described to date [ 14 ]. These mutations are scattered between 
laforin’s CBM and  DSP   domains and they affect the phosphatase 
 activity   of laforin to different extents [ 13 ]. In order to correlate the 
phosphatase  activity   found in the mutated forms of laforin with 
their pathological output, we describe methods to quantify both 
the generic phosphatase  activity   of laforin and its specifi c  glycogen 
  phosphatase  activity  .  

2    Materials 

 Prepare all solutions using double-distilled, deionized MilliQ fi l-
tered water. Sterile conditions are not required for in  vitro   phos-
phatase assays. All manipulations can be performed at room 
temperature unless otherwise specifi ed. 

        1.      Phosphatase    buffer   1: 100 mM Tris–HCl pH: 8, 150 mM 
NaCl,    10 mM DTT, 0.5 mM  OMFP  .   

   2.     Phosphatase   buffer 2:    0.1 M sodium acetate, 0.05 M Tris, 
0.05 M Bis-Tris, pH: 8, 10 mM DTT, 10 mM pNPP.   

   3.    Recombinant protein: At least 0.5 μg of purifi ed phosphatase 
enzyme.   

   4.    Sodium vanadate (Na 3 VO 4 ) and carbohydrate reagents (i.e., 
 glycogen  ).   

   5.    96-Well ELISA plates and multi-plate spectrophotometer 
reader.      

        1.    Phosphatase  buffer   3 (5× stock): 0.5 M  Sodium   acetate, 
0.25 M Bis, 0.25 M Tris. Adjust to pH 6.5 with HCl.   

   2.     Glycogen   purifi ed from rabbit skeletal muscle.   
   3.    Recombinant laforin: 100–500 ng per reaction.   

2.1  pNPP/OMFP 
Phosphatase Assay

2.2  Glycogen 
Phosphatase Assay

Carlos Romá-Mateo et al.



109

   4.     Malachite green   reagent: Ammonium molybdate tetrahydrate 
and  malachite green   carbinol hydrochloride.   

   5.    Tween 20,  N -ethylmaleimide (NEM), dithiothreitol (DTT).   
   6.    Spectrophotometer.        

3    Methods 

 pNPP is  a   classical colorimetric substrate used in enzymatic activity 
assays.  Dephosphorylation   of  pNPP   produces an increase in 
absorbance at the wavelength of 405–410 nm, proportional to 
pNP formation by hydrolysis.  pNPP   is highly specifi c for the active-
site pocket of tyrosine protein phosphatases (PTPs); however, it is 
less effi cient in the subfamily of dual-specifi city phosphatases 
(DSPs).     DSPs   exhibit a shallower active-site pocket in which the 
long and narrow structure of  pNPP  , resembling tyrosine-phos-
phorylated residues, is not as easily accommodated in the  DSP 
  phosphatase active site. The OMFP  structure   comprises a series of 
aromatic rings that confer a planar structure more appropriate for 
the active- site cleft in  DSPs  , which are able to dephosphorylate 
both  pTyr   and  pSer  / Thr   residues, as well as other phosphorylated 
substrates ([ 15 ]; Fig.  1 ). The hydrolysis of OMFP to OMF pro-
duces a similar increment in absorbance as that observed in pNP, 
but in this case at a higher wavelength (around 490 nm).

   Either substrate can be added to  a   phosphatase buffer reaction 
that includes a specifi c amount of the purifi ed phosphatase, pro-
ducing an increment in absorbance proportional to both phospha-
tase and substrate concentrations. The reaction can be analyzed by 
a unique measurement after a defi ned incubation time. However, 
in the present protocol we describe a method for obtaining enzy-
matic activity curves of phosphatase  activity  , by  measuring   long- 
term kinetics of increases in absorbance via multiple and consecutive 
measurements. Thus, the protocol avoids having to stop the reac-
tion (classically with a NaOH solution which abolishes further 

  Fig. 1     pNPP   ( a ) and  OMFP   ( b ) structures       
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 dephosphorylation  ) and provides a fi rst-glance overview  of   the 
kinetic features of the analyzed phosphatase. This method allows 
the evaluation of the effect of different compounds on the phos-
phatase  activity   of laforin, as in the case of the inhibitory action of 
 glycogen  , described below. 

  pNPP   and  OMFP   assays (Subheading  3.1 ) are optimized to 
defi ne the generic phosphatase  activity   of a specifi c phosphatase, 
i.e., laforin. These assays provide a fast, reproducible, colorimetric 
measurement of laforin’s generic phosphatase  activity  . However, 
they do not utilize the biologically relevant substrate  glycogen  . 
The third assay in this chapter (Subheading  3.2 ) is specifi cally 
developed and optimized to detect glucan phosphatase  activity   of 
laforin using  glycogen  . 

  Malachite green  -molybdate-based assays have been commonly 
used in the past for quantifying picomolar amounts of inorganic 
free phosphate [ 16 – 18 ]. Unlike  OMFP   and  pNPP  ,  malachite green   
reagent is not an artifi cial substrate. Instead, it forms a green color 
complex with free ortho phosphate in aqueous solutions under 
acidic conditions ( see  Fig.  4a ). The  malachite green   phosphomo-
lybdate complex is stable and provides a fast, nonradioactive way of 
detecting picomolar amounts of inorganic free phosphate at 
620 nm. A recently developed  malachite green  -based assay is able 
to determine specifi c glucan phosphatase  activity   of laforin [ 19 ]. 
Also, a similar assay has been employed to detect phosphate release 
from laforin’s physiological substrate,  glycogen   [ 11 ,  13 ]. 
Subheading  3.2  describes the methodology for quantifying phos-
phate release of rabbit skeletal muscle  glycogen   by laforin. 

         1.        Preparation of phosphatase    buffer .   First, determine  the    opti-
mum   pH for each phosphatase to be assayed ( see   Note    1  ). In 
the case of laforin the optimal pH is 8 [ 20 ]. DTT should be 
added just before use (in the case of laforin at 10 mM). A stock 
buffer solution (phosphatase  buffers   1 and 2;  see  Subheading  2.1 ) 
should be prepared to use it as reaction buffer and to dilute the 
substrate of the reaction ( pNPP  / OMFP  ;  see   Note    2   for details 
on solubility) and to prepare enzyme dilutions if needed. Once 
prepared, the buffer should be kept at 4 °C or in ice prior to 
use. The buffer should be freshly prepared, and DTT added 
immediately before the reaction starts.   

   2.     Preparation of protein dilutions . Protein preparations should be 
in the range of 0.5–5 μg/μl ( see   Notes    3   and   4  ). In a standard 
phosphatase reaction, a minimum amount of 1 μg of protein will 
be required to obtain a relevant phosphatase  activity  . In the case 
of laforin we follow the reaction for 1 h for a good measurement 
of phosphatase  activity   under standard conditions.   

   3.     Preparation of the plates . The fi nal volume for the reaction is 
200 μl. Each well will contain 100 μl of phosphatase  buffer 
  with purifi ed protein (plus any other substance to be assayed, 

3.1  pNPP/OMFP 
Phosphatase Assay
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e.g., vanadate or carbohydrates). One well should be left for a 
blank reaction containing only phosphatase  buffer   ( see   Note    5  ). 
The plate can be maintained on ice or at 4 °C.   

   4.     Preparation of the plate reader . An automated program should 
be prepared to produce a series of consecutive measurements. 
The measuring parameters (interval between measurements; 
total duration of the assay) are dependent on the intrinsic 
phosphatase  activity   of the phosphatase used, the concentra-
tion of substrate, and the assayed conditions (i.e., presence of 
inhibiting compounds). These variables should be empirically 
evaluated in order to defi ne the time needed to reach saturation, 
thus establishing the linear range of the reaction ( see  Fig.  2a  for 
an example). The temperature should be set to the optimal for 
each phosphatase (37 °C for laforin and most human PTPs). 
Make sure that the reader has reached the desired temperature 
before starting the assay. For  pNPP   assays, absorbance should 
be measured at 405 nm; for  OMFP   assays, the absorbance 
measured is 490 nm.

  Fig. 2     Laforin   phosphatase shows a typical enzymatic kinetics for  OMFP    dephosphorylation   and a cysteine- 
dependent catalytic mechanism ( a ). Plots are shown for wild-type  laforin   and for the C226S  laforin   mutation, 
targeting the catalytic cysteine of the enzyme. ( b ) Vanadate inhibition. ( c ) Reducing environment dependence. 
( d ) Plot of the maximal absorbance reached at different DTT concentrations       
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       5.     Starting the reaction . Since both  pNPP   and  OMFP   suffer slow 
but signifi cant spontaneous  dephosphorylation  , all reactions 
including the blank should be started at the same time ( see  
 Note    3  ). Use a multichannel pipet to add 100 μl of reaction 
buffer containing the corresponding chromogenic substrate 
( see   Note    2  ) quickly and equally to all the wells. Immediately 
after adding the substrate, initiate measuring via the plate 
reader.   

   6.     Displaying the results . Absorbance values should be displayed in 
columns next to the corresponding time interval. If the reader 
software does not automatically normalize values, the absor-
bance value obtained for the blank well in any given time 
should be subtracted from the corresponding time interval in 
the rest of wells. Representing absorbance values in the  Y -axis 
and time interval values in the  X -axis will produce the curve 
for phosphatase  activity   (Fig.  2 ). Obtaining completely satu-
rated curves is convenient for the determination  of   kinetic 
parameters ( see   Note    6  ). To compare the global  dephosphory-
lation   capacity of the enzyme, regardless of kinetics, maximum 
absorbance values can be displayed ( see  Fig.  2d ). In order to 
compare different proteins or substrates, the absorbance values 
obtained with this method should be normalized and trans-
formed adequately, converting absorbance values into amount 
of substrate hydrolyzed (the use of a pNP or OMF standard 
curve would be necessary) per protein amount and time unit; 
this fi nal value is usually expressed as specifi c activity of the 
enzyme. The glucan phosphatase laforin displays a measurable 
phosphatase  activity   using  pNPP   or  OMFP   as a substrate, 
although  OMFP   is a more effi cient substrate. 

 Sodium vanadate is a specifi c inhibitor of cysteine-based 
PTPs that mimics the phosphate binding to the catalytic pocket 
of the enzyme, completely abolishing phosphatase  activity 
  [ 21 ]. Hence, addition of a fi nal concentration of 1 mM sodium 
vanadate to the buffer solution provides a valuable tool as a 
negative control to distinguish artifi cial substrate  dephosphor-
ylation   or contamination of the purifi ed protein with non-PTP 
phosphatases (Fig.  2b ). 

 It has been described that  glycogen   decreases laforin activity 
against  pNPP   [ 9 ]. This effect could be explained by the bind-
ing of laforin to  glycogen  , which could interfere with the entry 
of the substrate to the catalytic pocket. The protocol described 
above can be used to assess the effect of any substance on the 
phosphatase reaction, just by including the compound in the 
phosphatase reaction buffer. As an example, we describe the 
use of the method to test the decrease in laforin  OMFP   activity 
by  glycogen   (Fig.  3 ). In these experiments, increasing concen-
trations of  glycogen   were used in the phosphatase reaction 
together with  OMFP  .

Carlos Romá-Mateo et al.
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                1.         Preparation     of assay buffer . Similar to Subheading  3.1 , it is 
important to determine the optimum pH for  glycogen   phos-
phatase  activity  . Laforin is active within a pH range of 6.5–8.0. 
The optimum pH for laforin’s  glycogen   phosphatase  activity   is 
pH 6.5. Make a 5× assay buffer stock (phosphatase  buffer   3;  see  
Subheading  2.2 ) at the desired pH and store at 4 °C. Prior to 
the experiment, make a fresh 1× assay buffer solution with 
10 mM DTT to prepare the necessary protein dilutions or 
substrate solutions ( see   Note    7  ).   

   2.     Standard curve for quantifying    glycogen     phosphatase    activity   . 
Make a 100 mM stock solution of KH 2 PO 4  using ultrapure 
H 2 O ( see   Notes    7   and   8  ). Make serial dilutions to obtain solu-
tions containing 100 pmol to 1 nmol of KH 2 PO 4 . Mix 40 μl of 
these solutions with 80 μl of  malachite green   reagent (with 
0.01 % Tween 20). Tween 20 stabilizes the  malachite green 
  phosphomolybdate complex for up to 48 h [ 22 ]. Incubate 
reactions for 30 min and measure absorbance at 620 nm using 
a spectrophotometer.   

   3.     Preparation of protein dilutions . Protein dilutions should be in 
the range of 0.1–1.0 μg/μl. For example, laforin has a higher 
specifi c phosphatase  activity   compared to the plant glucan phos-
phatases (SEX4 and LSF2); therefore, the amount of protein 
must be appropriately calibrated to be within the linear range [ 2 , 
 23 ,  24 ]. In a standard glucan phosphatase  assay   with amylopec-
tin, a minimum amount of 100 ng of protein incubated for 
10 min is suffi cient to obtain absorbance values within the linear 
range [ 25 ]. However, rabbit skeletal muscle  glycogen   contains 
lower amounts of phosphate than potato amylopectin and the 
assay’s color development depends on the amount of free phos-
phate present in the reaction ( see   Note    9  ). Therefore, begin the 
assay initially with 100 ng of protein and incubate for 30 min 
with 40–100 μg of  glycogen   to see whether there is detectable 
phosphatase  activity   under standard conditions. However, lon-
ger incubation times and higher substrate concentrations may 
be necessary depending on the amount of phosphate groups 
present in the rabbit skeletal muscle  glycogen   ( see   Note    10  ).   

3.2  Glycogen 
Phosphatase Assay

  Fig. 3     Glycogen   inhibition of the glucan phosphatase laforin       
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   4.     Preparation of    malachite green     reagent . Prepare  malachite 
green   reagent by making 1 volume of 4.2 % (w/v) ammonium 
molybdate tetrahydrate in 4 M HCl. Add 3 volumes of 0.045 % 
(w/v)  malachite green   carbinol hydrochloride ( see   Note    7  ). 
Stir the contents for 30 min at room temperature and fi lter 
with Whatman fi lter paper.  Malachite green   reagent can be 
stored at 4 °C away from light for a few weeks ( see   Note    8  ). 
Just before the experiment is initiated, add 10 % (v/v) Tween 
20 to an aliquot of  malachite green   reagent to make the fi nal 
concentration of Tween 20 to 0.01 % (v/v).   

   5.     Preparation of reaction tubes . Each reaction is performed in a 
fi nal volume of 20 μl, with six replicates for each enzyme to be 
tested. First, calculate the number of reactions to be performed 
and make a master mixture with all the assay components 
except the enzyme, as it will be added to start the reaction. For 
one reaction, mix 4 μl of 5× assay buffer of the desired pH, 9 μl 
of 5 mg/ml rabbit skeletal muscle  glycogen  , and 2 μl of 
100 mM DTT in a 0.5 ml Eppendorf tube. These components 
will give a fi nal concentration of 100 mM sodium acetate, 
50 mM Bis- Tris, 50 mM Tris–HCl, 5 mM DTT, and 45 μg of 
rabbit skeletal muscle  glycogen   per reaction.   

   6.     Starting the assay . The reaction starts when 5 μl of diluted 
enzyme (100–500 ng) are mixed with 15 μl of the assay com-
ponents in the 0.5 ml Eppendorf tube. Timing is critical for 
the assay and a timer should be initiated once enzyme is added 
to the fi rst reaction tube. Add enzyme to a tube in 30-s time 
intervals for subsequent reactions. Incubate all reactions for 
30 min at 37 °C. Maintaining a constant and consistent incu-
bation time for each tube is important in obtaining accurate 
and reproducible data ( see   Note    11  ).   

   7.     Terminating the assay . The enzymatic activity of laforin can 
be stopped by adding 20 μl of 0.1 M NEM to the reaction 
mixture and vortexing the tube for 10 s. NEM modifi es thiol 
groups and thereby irreversibly inhibits the phosphatase 
 activity   of all protein tyrosine phosphatases, including laforin 
[ 26 ]. Add 80 μl of  malachite green   reagent to each of the 
reaction tubes and vortex for 10 s. Incubate all reactions for 
30 min at room temperature before measuring the absor-
bance at 620 nm using a spectrophotometer ( see   Note    12  ). 
The glucan phosphatase laforin has robust  glycogen   phos-
phatase  activity   while the human proteinaceous phosphatase 
 VHR   lacks this activity (Fig.  4b ). Mutation of the laforin 
catalytic cysteine to serine (C266S) ablates the laforin  glyco-
gen   phosphatase  activity   (Fig.  4b ).  Lafora disease   patient 
mutations in the CBM (W32G) or  DSP   (T142A) domains 
dramatically decrease the laforin  glycogen   phosphatase  activity 
  (Fig.  4b ) ( see   Notes    13   and   14  ).

Carlos Romá-Mateo et al.
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4                               Notes 

     1.    It is critical to assess the optimal pH for each phosphatase; the 
method presented in this chapter provides a straightforward 
way to assay different pH values in the phosphatase  buffer  , by 
comparing the  enzyme   kinetics in the same plate and experi-
mental conditions.   

   2.    The substrate for the phosphatase reaction should be prepared 
in a 2× concentration. Each substrate presents some particu-
larities that should be considered. To prepare the   pNPP  
   solution ,  pNPP   can be easily diluted in water, in concentrations 
ranging from 5 to 100 mM. For the reaction described here, a 
solution of 20 mM DTT in phosphatase reaction buffer should 
be prepared. When a volume of this solution is mixed with the 
same volume of phosphatase reaction buffer containing the 

  Fig. 4     Malachite green  -based glycogen phosphatase  assay  . ( a ) When phosphate monoesters in  glycogen   are 
hydrolyzed, the free phosphate reacts with ammonium molybdate. At a low pH, the basic  malachite green   dye 
forms a complex with phosphomolybdate and shifts to its absorption maximum. This complex is stabilized by 
the addition of Tween 20, allowing for colorimetric detection at 620 nm that is linear with as little as 
50–1000 pmol of P i . ( b ) Specifi c activity of laforin wild type, laforin mutants, and human VHR  against    glycogen  . 
A total of 100 ng of protein was incubated with 45 μg  glycogen   for 20 min. Each bar is the mean ± SEM of fi ve 
replicates;  p  < 0.05       
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protein, a fi nal concentration of 10 mM in the assay will be 
obtained. To prepare the   OMFP     solution , 1.05 mg  OMFP 
  should be fi rst diluted in 1 ml methanol (other organic sol-
vents can be assayed) and vortexed vigorously in order to 
obtain a homogeneous, milky-faint yellow 2 mM solution. 
Then, a 1:1 solution in phosphatase reaction buffer will pro-
duce a colorful, yellow 1 mM preparation that can be used as 
the 2× substrate solution. When a volume of this solution is 
mixed with the same volume of phosphatase reaction buffer 
containing the protein, a fi nal concentration of 0.5 mM  OMFP 
  will be obtained.   

   3.    The progress of the reaction must be observed to determine the 
proper measuring intervals. For very active phosphatases, a 
10 mM  pNPP   solution can produce saturation within minutes; 
hence intervals in the range of 10–30 s should be suffi cient to 
obtain a nice curve. In the case of laforin, the best curves are 
obtained using 0.5 mM  OMFP   as a substrate, and intervals in the 
minute range can lead to a nice curve in a period of ½ to 1 h.   

   4.    Recombinant proteins often present either carboxy- or amino- 
terminal tags; it should be taken into account that these tags 
could affect phosphatase  activity   of the enzyme.   

   5.    Given the catalytic requirements of the active site in cysteine- 
based PTPs, reducing conditions are required. Thus, reducing 
agents such as DTT, TCEP, or β-mercaptoethanol should be 
added to reaction mixtures. The dependence of each phospha-
tase to specifi c  redox   conditions should be assessed, since 
reducing agents can affect also the oligomerization state of 
proteins. In the example of the glucan phosphatase laforin, 
 redox   conditions affect oligomerization, and also affect phos-
phatase  activity   [ 20 ,  27 ] (Fig.  2c, d ).   

   6.    Performing phosphatase  assays   as those represented by Fig.  2  
and using different substrate concentrations are useful to 
determine Michaelis-Menten constants. When using different 
substrate concentrations, a blank for each condition should be 
left without protein, since both  pNPP   and  OMFP   spontane-
ously dephosphorylate and  dephosphorylation   rate can be 
affected by concentration, as well as by any other substance 
added to the reaction buffer when comparing conditions and/
or enzyme modifi ers.   

   7.     Malachite green   reagent detects free phosphate in aqueous 
solutions. Prepare all solutions using ultrapure water that has 
the sensitivity of 18 MΩ cm at 25 °C. Diligently follow clean-
ing procedures as many soaps and dish detergents contain 
phosphate. All glassware should be rinsed extensively with 
ultrapure water before use to avoid any contaminations and to 
decrease the background absorbance of the assay.   

Carlos Romá-Mateo et al.
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   8.     Malachite green   reagent is light sensitive and changes color 
from yellow to green/brown over time if it is exposed to 
light. Prepare new reagent in a timely manner before there is 
a color change, typically within weeks. Also, small divalent 
cations such as magnesium,  calcium  , and manganese have 
lower solubility in the presence of phosphate. Check water 
purity if precipitation occurs. A yellow color  malachite green 
  reagent with no precipitate gives reproducible and accurate 
measurements.   

   9.    Mammalian  glycogen   contains small amounts of covalently 
attached phosphate groups. Use of commercially available  gly-
cogen   as a substrate has not been successful. It may be due to 
the low availability/accessibility of phosphate groups in certain 
types of  glycogen   [ 1 ]. The Roach group reported that rabbit 
skeletal muscle  glycogen   is a substrate for  malachite green  -
based  glycogen   dephosphorylating assays and they have pub-
lished elegant methodology to purify  glycogen   from rabbit 
skeletal muscle [ 11 ,  28 ].   

   10.     Glycogen   consists of a series of concentric rings of glucose 
chains. This unique structure may hinder laforin’s activity to 
remove phosphate groups in the inner regions of  glycogen  . 
Increased sensitivity may be achieved by adding alpha amylase 
and amyloglucosidase enzymes to the substrate to disrupt  gly-
cogen   structure [ 11 ].   

   11.    Low levels of color development may be due to inadequate 
amounts of substrate, enzyme, or incubation times. Optimize 
the assay with each preparation of rabbit skeletal muscle 
 glycogen  .   

   12.    If a heavy precipitation is observed in the reaction with  glyco-
gen   but not in the standard curve reactions, then there are 
two possibilities to consider. (a) The precipitation could be 
due to higher phosphate content on the rabbit skeletal muscle 
 glycogen  . If this is the case, then dilute the  glycogen   stock, 
using less  glycogen   per reaction. (b) The precipitation could 
be due to phosphate contamination in the enzyme or  glyco-
gen   samples.   

   13.    Kinetic studies are possible with the assay; however, interpret-
ing kinetics of  glycogen    dephosphorylation   by laforin is com-
plex [ 11 ]. In addition to  glycogen   being polydispersed, laforin 
is a dimer containing two catalytic sites and two carbohydrate- 
binding modules. Unlike  OMFP  / pNPP   assay described above, 
the progress of the color development cannot be assayed over 
time. Separate reactions are needed for each time point.   

   14.    This method can be easily amenable to a 96-well plate or 396- 
well plate format if high-throughput detection is needed.          
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    Chapter 8   

 Discovery and Evaluation of PRL Trimer Disruptors 
for Novel Anticancer Agents                     

     Yunpeng     Bai    ,     Zhi- Hong     Yu    , and     Zhong-Yin     Zhang      

  Abstract 

   Overexpression of PRL phosphatases (PRL1, PRL2, and PRL3) has been found in a variety of late-stage 
tumors and their distant metastatic sites. Therefore, the oncogenic PRL phosphatases represent intriguing 
targets for cancer therapy. There is considerable interest in identifying small molecule inhibitors targeting 
PRLs as novel anticancer agents. However, it has been diffi cult to acquire phosphatase activity-based PRL 
inhibitors due to the unusual wide and shallow catalytic pockets of PRLs revealed by crystal structure stud-
ies. Here, we present a novel method to identify PRL1 inhibitors by targeting the PRL1 trimer interface 
and the procedure to characterize their biochemical and cellular activity.  

  Key words     PRL phosphatases  ,   Virtual screening  ,   Trimerization  ,   MTT assay  ,   Wound healing assay  , 
  Transwell migration assay  

1      Introduction 

  The PRL phosphatases,  consisting   of three members (PRL1, 
PRL2, and PRL3; gene names PTP4A1, PTP4A2, and PTP4A3), 
represent a novel subfamily of  protein tyrosine phosphatases 
(PTPs)   sharing a high degree (>75 %) of amino acid sequence iden-
tity [ 1 – 3 ]. As the fi rst identifi ed member, the expression of PRL1 
was found to be elevated in many tumor cell lines, and cells express-
ing high levels of PRL1 exhibited enhanced  proliferation   and 
anchorage-independent growth [ 1 ,  2 ,  4 ,  5 ].  Overexpression   of 
PRL2 was also observed in different cancers, such as prostate can-
cer [ 6 ]. PRL3 level was found to be highly increased in colon can-
cer liver metastasis but not in nonmetastatic tumors or in normal 
colorectal epithelium [ 7 ]. Both PRL1 and PRL3 expressing cells 
displayed enhanced cell motility and invasiveness and induced met-
astatic tumor formation in mice [ 3 ,  8 ]. Mechanistically, PRLs pro-
mote cell  proliferation   and migration through a number of 
signaling pathways, such  as   PI3K/Akt, Src, Rho family of small 
GTPases as well as p53 signaling pathways [ 9 ,  10 ]. All these 
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observations suggest that PRLs play a critical role in cancer pro-
gression, and that PRLs are potential targets for novel anticancer 
therapeutic strategies. Thus, considerable interest has been focused 
on identifying  small molecule inhibitors   targeting PRLs for novel 
anticancer agents. However, there has been no effective PRL 
 inhibitors   reported to date [ 11 – 13 ]. 

 Structural studies showed that the catalytic pockets of the 
PRLs are unusually wide and shallow, which makes it diffi cult to 
design PRL  inhibitors   by targeting the active site [ 14 ]. However, 
all of the PRL1 crystal structures solved so far reveal an identical 
trimeric arrangement [ 14 – 17 ]. Trimerization provides  a   membrane- 
binding surface with the C-terminal polybasic residues and the 
adjacent prenylation group positioned to anchor the PRL1 on the 
acidic inner membrane. In addition, given the high homology 
among all three PRLs,  trimerization   revealed in PRL1 may be a 
general property for all PRL enzymes [ 16 ]. Moreover, PRL1 tri-
mer formation appeared to be essential for the PRL1-mediated cell 
growth and migration [ 16 ]. Most importantly, PRLs are highly 
expressed in many human cancer types, but no evidence for point 
mutations in PRLs has been identifi ed, suggesting that  overexpres-
sion   may increase the propensity for PRL  trimerization   and con-
tribute to malignancies. Thus, targeting the trimer interface of 
PRLs is a novel approach to develop small molecule therapeutics 
for PRL driven cancer treatment. 

 Here, we present methods to identify and evaluate PRL1 tri-
mer disruptors for anti cancer therapy  . The methods include the 
identifi cation of small molecule compounds targeting PRL1 trimer 
interface by  virtual screening  ; the validation of the compounds as 
PRL1 de-trimerizers by in vitro and in vivo cross-linking assays; 
and the evaluation of cellular activity of the compounds by cell- 
based assays. The methods are designed to establish a novel strat-
egy to develop PRL  inhibitors   by targeting PRLs trimer interface 
and to demonstrate the potential therapeutic value of PRL trimer 
disruptors as novel anticancer agents.  

2    Materials 

 Solutions and reagents are prepared using analytical grade reagents 
in deionized MilliQ fi ltered water at room temperature. Reagents 
for cell-based assay are prepared in sterile conditions. 

        1.     Dell OPTIPLEX 380  Workstation   running Red Hat Enterprise 
Linux 5.   

   2.    BigRed supercomputer in Indiana University.   
   3.    PDBePISA [ 18 ] Online Server (  http://www.ebi.ac.uk/pdbe/

pisa/    ).   
   4.    RCSB Protein Data Bank database (  http://www.rcsb.org    ).   

2.1  Identifi cation 
of Small Molecules 
Targeting PRL1 Trimer 
Interface by Virtual 
Screening
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   5.    ZINC small molecule 3D-structure  database   [ 19 ] (  http://
zinc.docking.org/    ).   

   6.    UCSF Chimera software package [ 20 ] (  http://www.cgl.ucsf.
edu/chimera/    ).   

   7.    DOCK6.2 software package [ 21 ,  22 ] (  http://dock.compbio.
ucsf.edu/    ).   

   8.    AutoDock4.01 software package [ 23 ,  24 ] (  http://autodock.
scripps.edu/    ).   

   9.    AutoDockTools software package  [ 25 ,  26 ] (  http://mgltools.
scripps.edu/    ).      

       1.    Bacterial expression vector pET21a-(His) 6 -tagged-PRL1.   
   2.    Luria broth (LB) medium, 100 mg/mL ampicillin, 1 M DTT, 

and 1 M IPTG.   
   3.    Binding buffer: 500 mM NaCl, 20 mM Tris–HCl (pH 7.9), 

and 5 mM Imidazole.   
   4.    Wash buffer: 500 mM NaCl, 20 mM Tris–HCl (pH 7.9), and 

20 mM Imidazole.   
   5.    Elution buffer: 500 mM NaCl, 20 mM Tris–HCl (pH 7.9), 

and 300 mM Imidazole.   
   6.     Protease inhibitors  : 1 M PMSF (Phenylmethylsulfonyl fl uoride).   
   7.    Ni-NTA agarose.   
   8.     Phosphate  -buffered saline (PBS): 1.85 mM NaH 2 PO 4 , 8.4 mM 

NaHPO 4 , and 150 mM NaCl.   
   9.    Cross-linker: Glutaraldehyde (25 % glutaraldehyde solution, 

grade I).   
   10.    Reaction termination buffer: 0.5 M Tris–HCl (pH 7.5).   
   11.    6× SDS sample buffer: 0.375 M Tris–HCl (pH 6.8), 12 % SDS, 

60 % glycerol, 0.6 M DTT, 0.06 % bromophenol blue.   
   12.    SDS-PAGE gel reagents: Resolving gel buffer: 1.5 M Tris–

HCl (pH 8.8); Stacking gel buffer: 0.5 M Tris–HCl (pH 6.8); 
30 % acrylamide/Bis solution, 10 % SDS, 10 % APS and 
TEMED.   

   13.    10× SDS-PAGE running buffer: 0.25 M Tris–HCl (pH 8.3), 
1.92 M glycine, and 1 % SDS.   

   14.    Coomassie Blue Stain Reagent.      

        1.    Mammalian expression vector pcDNA3.1 (+)-HA-tagged 
PRL1.   

   2.    Cell culture medium: DMEM supplemented with 10 % fetal 
bovine serum (FBS), penicillin (50 U/mL), and streptomycin 
(50 μg/mL).   

   3.    Cross-linker: Formaldehyde (16 % formaldehyde solution).   

2.2  Validation 
of PRL1 
De- trimerization 
  Compounds by In Vitro 
Cross-linking Assay

2.3  Validation 
of PRL1 
De-trimerization 
Compounds by In Vivo 
Cross-linking Assay

PRL1 Trimer Disruptors

http://zinc.docking.org/
http://zinc.docking.org/
http://www.cgl.ucsf.edu/chimera/
http://www.cgl.ucsf.edu/chimera/
http://dock.compbio.ucsf.edu/
http://dock.compbio.ucsf.edu/
http://autodock.scripps.edu/
http://autodock.scripps.edu/
http://mgltools.scripps.edu/
http://mgltools.scripps.edu/


124

   4.     Phosphate  -buffered saline (PBS): 1.85 mM NaH 2 PO 4 , 8.4 mM 
NaHPO 4 , and 150 mM NaCl.   

   5.    Lysis buffer: 50 mM Tris–HCl (pH 7.4), 150 mM NaCl, 1 % 
Triton-100, 10 % glycerol supplemented with a complete 
 protease inhibitor   tablet.   

   6.    Anti-HA primary antibody, HRP-linked secondary anti-rabbit 
IgG, protein A/G-agarose beads, and prestained molecular 
weight standard marker.   

   7.    Nitrocellulose Membranes.   
   8.    Filter Paper.   
   9.    1× Transfer buffer: 25 mM Tris base, 192 mM glycine, and 

20 % (v/v) methanol.   
   10.    10× TBST buffer: 200 mM Tris–HCl (pH 7.5), 1.5 M NaCl, 

and 0.5 % Tween-20.   
   11.    Blocking solution: 5 % milk in TBST.   
   12.    Chemiluminescent substrate.      

       1.    5 mg/mL MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5- 
Diphenyltetrazolium Bromide).   

   2.    DMSO (Dimethyl sulfoxide).   
   3.    Cell starvation medium: DMEM supplemented with penicillin 

(50 U/mL), and streptomycin (50 μg/mL).     
 Also  see  materials in Subheading  2.3 .   

3    Methods 

     PRL1   exists as a trimer in the crystal structure (Fig.  1a ), which 
results in two intermolecular interfaces for each PRL1 molecule, 
i.e., the BA-interface and BC-interface for monomer B. A small 
molecule binding at either interface may disrupt the trimer forma-
tion, thus driving us to perform  virtual screening   simultaneously 
on each interface. A two-stage  screening   process is depicted in 
Fig.  1b : the Asinex and ChemBride subsets in the ZINC database 
were used as small molecule library for  screening  . Both libraries 
were fi rstly screened by rigid  docking   in DOCK6.2 program, and 
the top 10 % molecules were chosen based on the  docking   score for 
the subsequent fl exible  docking   in AutoDock4.01, then the fi nal 
hit molecules were picked out based on binding energy ranking, 
binding mode inspection, and structure similarity analyses. The 
experimental details are described below step by step.

     1.    Prepare the receptor structure for rigid  docking   in DOCK6.2. 
 Retrieve the PRL1 trimer structure (PDBID: 1ZCK) [ 14 ] 

from the RCSB Protein Data Bank database and save it as 

2.4  Evaluation 
of the Cellular Activity 
of PRL1 
De-trimerization 
Compounds

3.1  Identifi cation 
of Small Molecules 
Binding at PRL1 Trimer 
Interface by Virtual 
Screening
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 1zck.pdb . Load  1zck.pdb  into the UCSF Chimera software, 
remove waters and bound  ligands  , save it as  prl1.pdb . Remove 
chain A and C, and process chain B using the “Dock Prep”. 
Save the processed fi le as  prl1b.mol2 , as well as  prl1b.pdb . 
Delete the newly added hydrogens and save as  prl1b_noH.pdb .   

   2.    Defi ne the  docking   region for rigid  docking  .
 ●    At the PDBePISA Online Server (  http://www.ebi.ac.uk/

pdbe/pisa/    ), submit the  prl1.pdb  fi le for interface analyses 
to determine intermolecular interface residues within chain 
B. Two interfaces (BA-interface and BC-interface) were 
found, and residues constituted either interface are listed 
in Fig.  1a .  

 ●   Generate the molecular surface of the receptor using  dms  
program using a command “ dms prl1b_noH.pdb -n -w 
1.4 -v -o prl1b.ms ”.  

 ●   Generate the spheres surrounding the receptor by running 
 sphgen  program, with  prl1b.ms  as input molecular surface 
fi le and  prl1b.sph  as output spheres fi le.  

 ●   Select spheres to represent the binding site on either 
interface by running  sphere_selector  program with  prl1b.
sph  as input sphere fi le. To represent binding site on the 
BA-interface, select all spheres within 8 Å distance of resi-
dues V130 and Q131, save the selected spheres in the fi le 
 selected_spheres_ba.sph . To represent binding site on the 
BC-interface, select all spheres within 8 Å of residues 
N16 and M17, save the selected spheres in the fi le 
 selected_spheres_bc.sph .      

  Fig. 1    ( a ) The PRL1 trimer arrangement in the crystal structure. By taking monomer B as a representative PRL1 
monomer, two trimer interfaces, namely BA-interface and BC-interface, are highlighted in  purple  and  blue , 
and residues constituting the interface surface are listed correspondingly. The CX 5 R catalytic motif is colored 
in  red  to highlight the active site. ( b ) The pipeline of the two-stage  virtual screening   process       

 

PRL1 Trimer Disruptors

http://www.ebi.ac.uk/pdbe/pisa/
http://www.ebi.ac.uk/pdbe/pisa/


126

   3.    Prepare the energy grid fi les for rigid  docking  .
 ●    Create a rectangle box around the binding site using  show-

box  program. To create the box surrounding BA-interface, 
use  selected_spheres_ba.sph  as input sphere fi le and set the 
extra margin to 5 Å, the output fi le is named as  ba_inter-
face_box.pdb . Similarly, to create the box surrounding 
BC-interface, use  selected_spheres_bc.sph  as input sphere fi le 
and set the extra margin to 5 Å, the output fi le is named as 
 bc_interface_box.pdb .  

 ●   Create an input fi le  grid_ba.in  to set essential parameters 
for running  grid  program to generate the energy grid 
around the BA-interface. In this fi le, set compute_grids, 
energy_score, bump_fi lter to “yes”; atom_model to “a”; 
energy_cutoff_distance to “999”; receptor_fi le to “prl1b.
mol2”; box_fi le to “ba_interface_box.pdb”; score_grid_
prefi x to “grid_ba”. Use default value for other 
parameters.  

 ●   Execute the command “ grid -i grid_ba.in -o grid_ba.
out ”. Two energy grid fi les  grid_ba.nrg  and  grid_ba.bmp  
will be generated once the computation is done.  

 ●   Generate an input fi le  grid_bc.in  to set essential parameters 
for running  grid  program to generate the energy grid 
around the BC-interface. Set box_fi le to “ bc_interface_box.
pdb ”; score_grid_prefi x to “grid_bc”. The other parame-
ters are same with that in  grid_ba.in  above.  

 ●   Execute the command “ grid -i grid_bc.in -o grid_bc.
out ”. Two energy grid fi les  grid_bc.nrg  and  grid_bc.bmp  
will be generated once the computation is done.      

   4.    Prepare the  ligand   structure for rigid  docking  . 
 The Asinex and ChemBridge subsets in ZINC database 

(version 7) were used as small molecule library for  virtual 
screening  . The coordinates were downloaded from ZINC 
website (  http://zinc.docking.org    ) in 28 mol2 fi les, which 
were sequentially named as  asin0.mol2 , …,  asin14.mol2  for 
Asinex subset, or  chbr0.mol2 , …,  chbr12.mol2  for ChemBridge 
subset. Each fi le contains 20,000 molecules; thus there are 
totally 560,000 molecules in the two libraries. The 3D struc-
ture of each small molecule is already in ready-to-dock mol2 
format.   

   5.    Create input fi les for  docking   calculation.
 ●    Create an input fi le  ba_asin0.in  to set essential parameters 

for  screening   20,000 molecules in the fi le  asin0.mol2  on 
BA-interface. Set  ligand  _atom_fi le to “asin0.mol2”; recep-
tor_site_fi le to “selected_spheres_ba.sph”; max_orienta-
tions to “1000”; grid_score_grid_prefi x to “grid_ba”; 

Yunpeng Bai et al.
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 ligand  _outfi le_prefi x to “ba_asin0”; rank_ligands to “yes”; 
max_ranked_ligands to “2000”. Use default value for 
other parameters. According to these parameters, the 
20,000 molecules in  asin0.mol2  fi le will be docked at 
BA-interface; for each small molecule, it’s automatically 
positioned for 1000 orientations, the lowest interaction 
energy and related  conformation are recorded. All 20,000 
molecules are ranked based on their lowest interaction 
energy, and the top 2000 molecules are saved to  ba_asin0.
mol2  fi le.  

 ●   Copy  ba_asin0.in  as a new input fi le  ba_asin1.in , in which 
only change  ligand  _atom_fi le to “asin1.mol2”. Repeat this 
step to generate additional 26 input fi les for  docking   the 
other 26 mol2 fi les. Thus, there are 28 input fi les for  dock-
ing   calculation on BA-interface, namely  ba_asin0.in , …, 
 ba_asin14.in  and  ba_chbr0.in , …,  ba_chbr12.in .  

 ●   Repeat the previous steps to generate 28 input fi les for 
 docking   calculation on BC- interface, namely  bc_asin0.in , 
…,  bc_asin14.in  and  bc_chbr0.in , …,  bc_chbr12.in . In these 
input fi les, set receptor_site_fi le to “selected_spheres_bc.
sph”; set grid_score_grid_prefi x to “grid_bc”.      

   6.    Perform rigid  docking   in DOCK6.2.
 ●    Generate a job script fi le  dock6_ba_asin0  for running 

 docking   calculation for molecules in the fi le  asin0.mol2  on 
BA-interface. In this script fi le, the key command for per-
forming  docking   calculation is: “ mpirun -machinefi le/
tmp/machinelist.$LOADL_STEP_ID -np 16 dock6.mpi 
-i ba_asin0.in -o ba_asin0.out ”,    which means that: 
DOCK6.2 parallel version is used for  docking   calculation; 
16 CPUs are used for  docking   calculation; all  docking 
  parameters are read from the fi le  ba_asin0.in ; and the out-
put will be saved in  ba_asin0.out .  

 ●   Use the command line “ llsubmit dock6_ba_asin0 ” to sub-
mit the job to the job scheduler for queuing. The job will 
start once the requested CPUs are available.  

 ●   Repeat the previous steps to submit additional 55 jobs. For 
the key command in each job script fi le, the input fi le  ba_
asin0.in  needs to be changed to one of the other 55  dock-
ing   input fi les, and the output fi le  ba_asin0.out  needs to be 
renamed correspondingly.  

 ●   Once all jobs are fi nished, for each interface, 56,000 
molecules (28 mol2 fi les, 2000 molecules in each fi le) are 
picked out and combined as an enriched binder subset at 
the trimer interface. These molecules were used for the 
subsequent fl exible  docking   in AutoDock4.01.      
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   7.    Prepare the receptor structure for fl exible  docking   in 
AutoDock4.01. 

 Use  prl1b.pdb  as an input fi le and execute the command 
“ prepare_receptor4.py -r prl1b.pdb -o prl1b.pdbqt ”. 
During this process, the nonpolar hydrogens are merged; the 
Gasteiger charge and autodock4 atom type are added for each 
atom. The resulted  prl1b.pdbqt  fi le will be used as receptor 
structure for  docking   in AutoDock4.01.   

   8.    Defi ne the  docking   region and generate energy grid for 
fl exible.

 ●    Load  prl1b.pdbqt  fi le into AutoDockTools software. Click 
the menu “Grid → Macromolecule → Choose…” to choose 
prl1b as receptor. Click the menu “Grid → Set Map 
Types → Directly…” to set  ligand   atom type as “H HD HS 
C A N NA NS OA OS F P SA S Cl Br I” ( see   Note    1  ). 
Click the menu “Grid → Grid Box…” to open the “Grid 
Options” dialog and bring out a rectangle box. By adjust-
ing the number of points in  x ,  y ,  z  dimension and the grid 
box center, move the box to cover the BA-interface. The 
number of points in  x ,  y ,  z  is set to 50, 50, 72, and the grid 
box center locates at (−0.2, −0.1, 25.9). Save these values 
and close the “Grid Options” dialog. Click the menu 
“Grid → Output → Save GPF…” to save as  ba_grid.gpf .  

 ●   Click the menu “Grid → Grid Box…” to open the “Grid 
Options” dialog again. Move the box to cover the 
BC-interface. The number of points in  x ,  y ,  z  is set to 50, 
50, 72, and the grid box center locates at (−19.0, −5.0, 
37.6). Save these values and close the “Grid Options” dia-
log. Click the menu “Grid → Output → Save GPF…” to 
save as  bc_grid.gpf .  

 ●   Make a directory  ba_maps , copy  prl1b.pdbqt  and  ba_grid.
gpf  into the directory. Execute the command “ autogrid4 
-p ba_grid.gpf -l ba_grid.glg ” to generate 19 energy grid 
fi les (17 atom types plus electrostatic and desolvation 
potential) around BA-interface ( see   Note    1  ).  

 ●   Make a directory  bc_maps , copy  prl1b.pdbqt  and  bc_grid.
gpf  into the directory. Execute the command “ autogrid4 
-p bc_grid.gpf -l bc_grid.glg ” to generate 19 energy grid 
fi les (17 atom types plus electrostatic and desolvation 
potential) around BC-interface.      

   9.    Prepare the  ligand   structure and  docking   parameter fi le for 
fl exible. 

 For the BA-interface, the 56,000 molecules from the rigid 
 docking   are saved in 28 mol2 fi les (namely  ba_asinN.mol2  
( N  = 0–14) and  ba_chbrN.mol2  ( N  = 0–12)), and each fi le 
contains 2000 molecule.
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 ●    Make a directory  ad4_ba_asin0 , copy  ba_asin0.mol2  to the 
directory, execute the command “ split_molecules.py ba_
asin0.mol2 ” to extract the coordinates of each molecule 
and save as single mol2 fi le, thus resulting in 2000 mol2 
fi les. Delete the  ba_asin0.mol2  in current directory.  

 ●   Use  prepare_   ligand4    .py  and  prepare_dpf4.py  scripts to pre-
pare structure information fi le (pdbqt fi le) and  docking 
  parameter fi le (dpf fi le). Execute the following bash script 
to process all 2000 mol2 fi les in current directory.
    for f in `ls *.mol2`   
   do   
       name=`basename ${f} .mol2`   
       prepare_ligand4.py -l ${f} -o ${name}.pdbqt   
       prepare_dpf4.py -r prl1b.pdbqt -l ${name}.pdbqt -o 

${name}.dpf   
   done      

 ●   In current directory, create symbolic link to all fi les in the 
directory  ba_maps  using the command “ ln -s ../ba_
maps/* . ”  

 ●   Repeat the previous steps to prepare pdbqt fi le and dpf fi le 
for the remaining 54,000 molecules in the other 27 mol2 
fi les. Use different directory name correspondingly for 
 different mol2 fi le, such as  ad4_ba_asin1  for  ba_asin1.
mol2 , …,  ad4_ba_chbr12  for  ba_chbr12.mol2 .    

 Similarly, for the BC-interface, the 56,000 molecules 
from the rigid  docking   are saved in another 28 mol2 fi les 
(namely  bc_asinN.mol2  ( N  = 0–14) and  bc_chbrN.mol2  
( N  = 0–12)), and each fi le contains 2000 molecule. Repeat 
the previous steps to prepare pdbqt fi le and dpf fi le for all 
56,000 molecules potentially binding at BC-interface. 
Replace “ba_” whenever it appears to “bc_” in every repeat.   

   10.    Perform fl exible  docking   in AutoDock4.01. 
 In  step 9 , 56 directories were created. Each directory con-

tains 2000 molecules and their corresponding pdbqt and dpf 
fi le for running  docking   calculation in AutoDock4.01. Create 
a fi le  docking_job  containing the following bash script, and use 
it to perform  docking   calculations for all molecules in one 
directory. Execute the command “ ./docking_job ” in each of 
56 directories to run fl exible docking simultaneously.

    for f in `ls *.dpf`   
   do   
       name=`basename ${f} .dpf`   
       autodock4 -p ${f} -l ${name}.dlg   
   done       
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   11.    Determine the hits from the fl exible  docking  .
 ●    In each directory starting with “ba_”, execute the com-

mand “ grep -e '^  1 |  ' *.dlg >>../ba_bfe ” to extract the 
lowest BFE (binding free energy) for each molecule to the 
fi le  ba_bfe . Execute the command “ cat ba_bfe | sort -k4n 
>ba_bfe.sort ” to sort all 56,000 BFE values and save the 
sorted values in the fi le  ba_bfe.sort .  

 ●   In each directory starting with “bc_”, execute the com-
mand “ grep -e '^  1 |  ' *.dlg >>../bc_bfe ” to extract the 
lowest BFE (binding free energy) for each molecule to the 
fi le  bc_bfc . Execute the command “ cat bc_bfe | sort -k4n 
>bc_bfe.sort ” to sort all 56,000 BFE values and save the 
sorted values in the fi le  ba_bfe.sort .  

 ●   Collect the  docking   result fi le (dlg fi le) for top 100 mole-
cules in  ba_bfe.sort  fi le as well as  bc_bfe.sort  fi le. Determine 
the hit molecules by checking the structure similarity and 
visually examining the binding mode.      

   12.    Purchase the hit molecules. 
 After considering multiple factors like calculated binding 

free energy, structure similarity, structure diversity, binding 
mode rationality, and the commercial availability, 56 molecules 
were picked out as fi nal hits, 34 of which were purchased from 
ChemBridge Corp. and the other 22 compounds were pur-
chased from Asinex Corp.    

     Since the 56 hits were identifi ed by computer-based  virtual screen-
ing  , further evaluations were required to validate the activity of 
these compounds to disrupt PRL1  trimerization  . Therefore, 
in vitro cross-linking assays were performed to test the de- 
trimerization activity of the 56 hits in vitro. The experimental pro-
cedure is described below.

    1.    PRL1 was cloned into pET21a bacterial expression vector with 
(His) 6 -tag at the C-terminal. For protein expression, pET21A- 
PRL1 was transformed into  Escherichia coli  BL21-(DE3). 
Transformed cells were grown at 37 °C in LB culture medium 
containing 100 mg/mL ampicillin for 4 h until the OD 600  
reached 0.6, and then induced overnight at room temperature 
with 0.5 mM IPTG ( see   Note    2  ). Cells were harvested by cen-
trifugation (6340 ×  g  for 15 min at 4 °C).   

   2.    The cell pellets from 1.5 L of LB medium were suspended in 
30 mL of ice-cold lysis buffer (binding buffer with 0.1 mM 
PMSF). The suspensions were passed twice through a French 
press at 1000 psi, and the cell lysates were centrifuged at 4 °C 
for 45 min at 26,640 ×  g . The supernatants were mixed with 
2 mL of nickel-nitrilotriacetic acid-agarose at 4 °C for 2 h, and 
then the mixture was transferred to an empty column.   

3.2  Validation 
of PRL1 
De-trimerization 
Compounds by In Vitro 
Cross-linking Assay
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   3.    The column was washed with 100 mL of binding buffer, fol-
lowed by 50 mL of wash buffer, and then eluted with 15 mL 
of elution buffer. The elution was centrifuged using ultracen-
trifugal fi lter at 2820 ×  g  to exchange the Tris buffer to PBS 
buffer ( see   Note    3  ), and to concentrate the PRL1 protein. The 
concentrated PRL1 protein was supplemented with 10 mM 
DTT ( see   Note    4  ) and then stored at −80 °C.   

   4.    The in vitro cross-linking reactions were performed in 20 μL 
solution containing 5 μg of purifi ed PRL1 protein in PBS buf-
fer. Recombinant PRL1 was treated with 10 μM of each com-
pound for 30 min, and then cross-linked by incubation with 
0.005 % glutaraldehyde ( see   Note    5  ) at room temperature for 
10 min. The reaction was terminated by addition of pH 7.5 
Tris–HCl (fi nal concentration 50 mM) and 5 min incubation 
on ice.   

   5.    The samples were separated on 10 % SDS-PAGE gel and ana-
lyzed by Coomassie Blue staining for monomer (~22 kDa), 
dimer (~44 kDa), and trimer (~66 kDa) (Fig.  2a ).

       6.    The trimer/monomer relative ratio was calculated by ImageJ 
software, and the top ten hits of the PRL1 trimer disruptors 
were determined (Fig.  2b ).    

    
 After validation of the de-trimerization activity of the 56 hits 
in vitro, the top ten hits were selected to further test the activity by 
cell-based in vivo cross-linking assay. This assay allows us to mea-
sure the permeability and in vivo de-trimerization activity of these 
compounds. The experimental procedure is described below.

    1.    Parental HEK293 cells were maintained in DMEM culture 
medium in a 37 °C incubator containing 5 % CO 2 , and then 
were seeded at 40 % confl uence in antibiotic-free medium and 

3.3  Validation 
of PRL1 
De-trimerization 
Compounds by In Vivo 
Cross-linking Assay

  Fig. 2    ( a ) The representative PRL1 monomer, dimer, and trimer by in vitro  trimerization   assay. ( b ) Top ten hits 
of the PRL1 de-trimerization compounds that showed reduced Trimer/Monomer ratio compared to DMSO 
control       
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grown overnight in 6-well plates.  Transfection   was performed 
according to the suppliers’ standard protocols ( see   Note    6  ), 
containing the pcDNA3.1 (+)-HA-tagged PRL1 and pIRES- 
EGFP- puro for selection.   

   2.    24 h after  transfection  , cells were trypsinized and reseeded in 
10 cm plate. After the cells were attached, 2 μg/mL of puromy-
cin was added for selection. After cell colonies were visible, 
single cell clones were trypsinized and transferred to a new 
24-well plate. Stable cell lines overexpressing PRL1 was val-
idated by Western  blot   with HA antibody ( see   Note    7  ).   

   3.    HEK293 cells stably overexpressing HA-tagged PRL1 were 
maintained in DMEM culture medium in a 37 °C incubator 
containing 5 % CO 2 , and then seeded at 70 % confl uence and 
grown overnight in 6-well plates.   

   4.    For in vivo cross-linking, HEK293 cells with 90 % confl uence 
were treated with 20 μM of each compound for 24 h, and then 
fi xed with 1 % formaldehyde ( see   Note    5  ) for 10 min at room 
temperature.   

   5.    Cells were washed twice in ice-cold PBS and lysed on ice for 
30 min following by  immunoprecipitation   with HA 
antibody.   

   6.    The HA immunoprecipitants were analyzed by SDS-PAGE 
and detected by immunoblotting with anti-HA antibody for 
PRL1 monomer (~22 kDa), dimer (~44 kDa), and trimer 
(~66 kDa). A representative in vivo  trimerization   result was 
shown (Fig.  3a ).

       7.    The trimer/monomer relative ratio was calculated by ImageJ 
software, and the top three hits of PRL1 trimer disruptors 
were determined (Fig.  3b ).      

  Fig. 3    ( a ) The representative PRL1 monomer, dimer, and trimer by in vivo trimer-
ization assay. ( b ) Top three hits of PRL1 de-trimerization compounds that showed 
reduced Trimer/Monomer ratio compared to DMSO control by in vivo cross- 
linking assay       
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   It has been shown that  overexpression   of PRL1 enhances cell  pro-
liferation   and migration, which requires the  trimerization   of PRL1 
[ 16 ]. To evaluate whether PRL1 trimer disruptors inhibit PRL1- 
induced cell  proliferation   and migration,  MTT assay  ,  wound heal-
ing assay  , and  Transwell migration assay   were performed by treating 
PRL1 overexpressing HEK293 cells with one of the top three hits, 
Cmpd-3. The experimental procedure is described below.

    1.    HEK293 cells stably overexpressing HA-tagged PRL1 were 
maintained in DMEM culture medium in a 37 °C incubator 
containing 5 % CO 2 .   

   2.     MTT assay   was used to measure the anti- proliferation   activity 
of PRL1 de-trimer compound ( see   Note    8  ). Vector control 
cells and PRL1 overexpressing cells were seeded in a 96-well 
plate (3000 cells/well) overnight, and then PRL1 overexpress-
ing cells were treated with various concentrations of Cmpd-3 
for 48 h. 10 μL of 5 mg/mL MTT reagent was added to each 
well for 3.5 h until purple precipitate is visible. Medium was 
removed and 100 μL of DMSO was added to dissolve the pre-
cipitate. Mix to ensure complete solubilization and then record 
absorbance at 570 nm using a multiwall spectrophotometer. 
Relative  proliferation   rate compared with vector control cells 
was measured to determine the anti-proliferation activity of 
the compound (Fig.  4a ).

       3.     Wound healing assay   was used to measure the anti-migration 
activity of PRL1 de- trimerization   compound in a convenient 
and inexpensive manner ( see   Note    9  ). Vector control cells and 
PRL1 overexpressing cells were grown to 90 % confl uence in a 
12-well plate. Then a wound was created by scratching cells 
with a sterile 200 μL pipette tip. Cells were washed with PBS 
to remove the fl oating cells, and then PRL1 overexpressing 
cells were treated with fresh medium containing 20 μM of the 
compound for 24 h. The wounds were photographed at 0 and 
24 h under ×10 magnitude microscope, and then the relative 
wound closure compared with vector control cells was mea-
sured to determine the anti-migration activity of each PRL1 
de-  trimerization   compound (Fig.  4b ).   

   4.     Transwell migration assay  , as a more sensitive and informative 
method, was also used to measure the anti-migration activity 
of PRL1 de-trimer compound ( see   Note    10  ). The assay was 
performed with Transwells (6.5 mM diameter; 8 μM pore size 
polycarbonate membrane). 3.75 × 10 5  in 1.5 mL of serum-free 
medium was placed in the upper chamber, whereas the lower 
chamber was loaded with 2.5 mL of medium containing 20 % 
FBS. PRL1 overexpressing cells were then treated with 10 μM 
of each compound for 24 h incubation (37 °C, 5 % CO 2 ). The 
total number of cells that had migrated into the lower chamber 

3.4  Evaluation 
the Cellular Activity 
of PRL1 
De-trimerization 
Compounds
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was counted with a hemocytometer. The relative migration 
rate compared with vector control cells was measured to deter-
mine the anti-migration activity of the compound (Fig.  4c ).    

4                   Notes 

     1.    Since hundreds of thousands of molecules are used for the 
 virtual screening  , they may contain various types of atoms. To 
provide energy grid maps as much as possible for atom type in 
the library, all inherently supported atom types (except for 
metal element since the library only contains organic mole-
cules) are manually set for the parameter  ligand  _type in the 
grid parameter fi le. While, autogrid4 program can only calcu-
late energy grid map for maximal 14 atom types during each 
run. Thus, the gpf fi le generated in  step 8  in Subheading  3.1  
needs to be split into two fi les for two runs of autogrid4 pro-
gram. For example, for  ba_grid.gpf  fi le, copy this fi le to  ba_
grid1.gpf  and  ba_grid2.gpf . Edit  ba_grid1.gpf , only keep the 
fi rst 14 atom types and delete the atom type “Cl Br I” at line 

  Fig. 4    ( a ) Cmpd-3 dose dependently reduced PRL1-induced cell  proliferation   in PRL1 overexpressing HEK293 
cells by  MTT assay  . ( b ) Cmpd-3 inhibited PRL1-mediated wound closure in PRL1 overexpressing HEK293 cells 
by  wound healing assay  . ( c ) Cmpd-3 suppressed PRL1-induced cell migration in PRL1 overexpressing HEK293 
cells by  Transwell migration assay         
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5, delete line 23–25 and save the changes. Edit  ba_grid2.gpf , 
delete the fi rst 14 atom types “H HD HS C A N NA NS OA 
OS P S SA F” at line 5 and only keep the remaining three atom 
types “Cl Br I”, delete line 9–22 and save the changes. Execute 
the command “ autogrid4 -p ba_grid2.gpf -l ba_grid2.glg ” 
and “ autogrid4 -p ba_grid1.gpf -l ba_grid1.glg ”. Edit the 
generated  prl1b.maps.fl d , change “veclen=16” at line 18 to 
“veclen=19”. Delete line 38 and 39, and insert the following 
fi ve lines at line 38.
   label=Cl-affi nity # component label for variable 15  
  label=Br-affi nity # component label for variable 16  
  label=I-affi nity # component label for variable 17  
  label=Electrostatics # component label for variable 17  
  label=Desolvation # component label for variable 18 
 Delete the last two lines and append the following fi ve lines. 

Save all changes.   

   variable 15 fi le=prl1b.Cl.map fi letype=ascii skip=6  
  variable 16 fi le=prl1b.Br.map fi letype=ascii skip=6  
  variable 17 fi le=prl1b.I.map fi letype=ascii skip=6  
  variable 18 fi le=prl1b.e.map fi letype=ascii skip=6  
  variable 19 fi le=prl1b.d.map fi letype=ascii skip=6      

   2.    Purifi cation of (His) 6 -tagged PRL1 is done according to the 
manufacturer’s handbook for high-level expression and purifi -
cation of 6×   His-tagged proteins. To get pure PRL1 protein, 
many conditions, including expressing vector,  Escherichia coli  
strain, IPTG concentration as well as induction time and tem-
perature, need to be optimized.   

   3.    Since Tris buffer contains amine group, which will react with 
glutaraldehyde in vitro, the protein stock buffer needs to 
change to PBS buffer or other buffer without amine ends.   

   4.    The phosphatase  activity   of PRL1 requires reducing conditions. 
Therefore, 10 mM DTT was added to the purifi ed PRL1 to 
keep PRL1 activity.   

   5.    Cross-linking is the process to chemically link two or more pro-
tein molecules through a covalent bond. Cross-linking reagents 
contain at least two reactive end groups that react toward cer-
tain functional groups on target protein, including amines and 
sulfhydryls. Based on the similarity of the reactive groups on 
both ends, cross-linking reagents can be divided into homobi-
functional cross-linkers (same reactive ends) or heterobifunc-
tional cross-linkers (different reactive ends). Different 
cross-linking reagents may perform differently for different tar-
get proteins. Many features should be taken into consideration 
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when choosing a cross-linker, such as the nature of reactive 
groups, the length of spacer arm, and the reaction condition 
required for conjugation. We screened different cross-linkers, 
including glutaraldehyde, formaldehyde, DSG (disuccinimidyl 
glutarate), and DSS (disuccinimidyl suberate). Glutaraldehyde 
is the best for in vitro cross-linking, while formaldehyde is the 
best for in vivo cross-linking. All the conditions, including 
cross-linker, reaction time as well as temperature, should be 
optimized for each protein and cell line assayed.   

   6.    The  transfection   is done according to the suppliers’ standard 
protocols. In fact, many  transfection   reagents and protocols 
are available for different cell lines. HEK293 cell was used 
because this cell line can be transfected with very high effi -
ciency with a variety of commercial lipid reagents.   

   7.    HEK293 cell lines stably overexpressing HA-tagged PRL1 
were selected by adding 2 μg/mL of puromycin for about 2 
weeks. The puromycin concentration and treating time was 
optimized based on the cell line we selected. In addition, con-
trol HEK293 cells without  transfection   of puromycin resistant 
gene are recommended to be used as selection control.   

   8.     MTT assay   is widely accepted as a reliable method to assess cell 
viability [ 27 ]. Dehydrogenase enzymes in metabolically active 
cells are capable of reducing the yellow tetrazolium MTT 
(3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bro-
mide) to its insoluble formazan. The resulting intracellular 
purple formazan can be solubilized and quantifi ed to refl ect 
cell  proliferation  . The optimal cell number and incubation 
time for the HEK293 stable cell lines should be optimized 
before the experiment.   

   9.    The  wound healing assay   is widely adapted to study cell migra-
tion and  proliferation   [ 28 ]. In a typical  wound healing assay  , 
scratching is used to create a wound gap in a cell monolayer, and 
the closure of this gap is monitored and quantifi ed to refl ect cell 
migration and cell  proliferation   ability. The  wound healing assay 
  is simple and inexpensive. The optimization is required for the 
cell confl uence and monitoring time after scratching.   

   10.    Transwell assay is a commonly used method to study cell migra-
tion in response to different stimulation and inhibition. It was 
done according to the suppliers’ standard protocols. During 
this assay, cells in the medium containing the testing reagent are 
placed on the upper chamber with a cell permeable membrane 
on the bottom. Following an incubation period, the cells that 
have migrated through the membrane are stained and counted 
to indicate the cell migration ability in the presence of certain 
reagent. The optimal cell number and incubation time for the 
HEK293 stable cell lines should be optimized before the 
experiment.          
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    Chapter 9   

 Analyzing Pseudophosphatase Function                     

     Shantá     D.     Hinton      

  Abstract 

   Pseudophosphatases regulate signal transduction cascades, but their mechanisms of action remain enigmatic. 
Refl ecting this mystery, the prototypical pseudophosphatase STYX (phospho-serine-threonine/tyrosine-
binding protein) was named with allusion to the river of the dead in Greek mythology to emphasize that 
these molecules are “dead” phosphatases. Although proteins with STYX domains do not catalyze dephos-
phorylation, this in no way precludes their having other functions as integral elements of signaling 
networks. Thus, understanding their roles in signaling pathways may mark them as potential novel drug 
targets. This chapter outlines common strategies used to characterize the functions of pseudophospha-
tases, using as an example MK-STYX [mitogen-activated protein kinase (MAPK) phospho-serine- 
threonine/tyrosine binding], which has been linked to tumorigenesis, apoptosis, and neuronal 
differentiation. We start with the importance of “restoring” (when possible) phosphatase activity in a 
pseudophosphatase so that the active mutant may be used as a comparison control throughout immuno-
precipitation and mass spectrometry analyses. To this end, we provide protocols for site-directed mutagen-
esis, mammalian cell transfection, co-immunoprecipitation, phosphatase activity assays, and immunoblotting 
that we have used to investigate MK-STYX and the active mutant MK-STYX active . We also highlight the 
importance of utilizing RNA interference (RNAi) “knockdown” technology to determine a cellular phe-
notype in various cell lines. Therefore, we outline our protocols for introducing short hairpin RNA 
(shRNA) expression plasmids into mammalians cells and quantifying knockdown of gene expression with 
real-time quantitative PCR (qPCR). A combination of cellular, molecular, biochemical, and proteomic 
techniques has served as powerful tools in identifying novel functions of the pseudophosphatase 
MK-STYX. Likewise, the information provided here should be a helpful guide to elucidating the function 
of other pseudophosphatases.  

  Key words     Pseudophosphatases  ,   STYX domains  ,   MAPK phosphatases  ,   MK-STYX  ,   Immuno-
precipitation  ,   shRNA knockdown  

1      Introduction 

   Pseudophosphatases   are catalytically inactive because they lack 
residues essential for catalytic activity within their  protein tyrosine 
phosphatase (PTP)   active site  signature motif   (HCX 5 R) [ 1 ]. Many 
pseudophosphatases have been identifi ed [ 2 ,  3 ]; yet their modes of 
action remain elusive. Importantly, however, they possess the char-
acteristic  PTP   fold. Consequently, though catalytically inactive, 
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they maintain their ability to bind phosphorylated proteins, which 
makes them ideal for investigating the dynamics of  protein-protein 
interactions   and their effect on pathways such as  Ras   and apoptotic 
signaling. Exactly what are the functions of pseudophosphatases, 
and how can these proteins be investigated? 

 Identifying  PTP    substrates   was essential for understanding the 
roles of these active phosphatases in  signal transduction   [ 4 ]. A key 
to identifying  PTP    substrates   was the development of “ substrate- 
trapping  ,” a powerful technique in which mutations of invariant 
residues of the active site render an active enzyme a “substrate 
trap,” in which the mutated  PTP   binds a phosphorylated residue 
but does not hydrolyze it [ 3 ,  11 ,  12 ]. The discovery of naturally 
occurring proteins structurally related to  PTPs   that resemble 
“ substrate- trapping”   mutants led to many questions. Why do they 
exist? Are they simply  dominant-negative   proteins? Do they function 
like substrate traps, similar to artifi cial mutants? Just as identifying 
substrates of  PTPs   led to many discoveries of their central role in 
signaling pathways, identifying interacting partners of the  myotu-
bularins  ,  C. elegans  EGGs, prototypical  STYX  , and  MK-STYX   has 
led to defi ning the molecular details of their functions. 

 The  myotubularins (MTM)   include several pseudophospha-
tases [ 5 ]. Seven of the 16 human  MTM   genes encode pseudo-
phosphatases [ 6 ,  7 ] that function as scaffolds to form complexes 
with their active homologs, to regulate catalytic function and 
subcellular localization of the active phosphatase. For example, 
the pseudophosphatase  MTM13   (MTM-related protein 13) binds 
the active enzyme MTMR2 [ 6 ]. A mutation in the MTMR13 
pseudophosphatase or the active MTMR2 is associated with 
Charcot-Marie- Tooth disease, a neuropathy characterized by 
abnormal nerve myelination [ 5 ]. The  C. elegans  pseudophospha-
tases EGG-4 and EGG-5 trap MBK-2 (mini brain kinase 2) to 
regulate the oocyte- to- zygote transition though DYRK (dual-
specifi city tyrosine phosphorylated and regulated kinase) [ 8 ,  9 ]. 
The prototypical  STYX  , which competes for  ERK   binding, modulates 
cell-fate decisions and cell migration as a spatiotemporal regulator 
of ERK1/2 signaling [ 10 ]. 

  MK-STYX   is structurally related to dual-specifi city phosphatases 
(DSPs).    In particular, bioinformatic analysis revealed homology to 
MAP kinase phosphatases (MKPs), which dephosphorylate both 
threonine and tyrosine residues in the activation loop of members 
of the  MAPK   family [ 4 ]. It does not possess the active- site  signa-
ture motif    HC (X 5 ) R  that is essential for  phosphatase   activity; 
instead it has the sequence I FS TQGIS R S, which renders it cata-
lytically inactive [ 1 ,  4 ,  11 ]. For many years, little was known about 
 MK-STYX  , except that it is highly expressed in Ewing’s sarcoma 
family tumors [ 11 ,  12 ]. More recently, signifi cant advances have 
been made in understanding its functional role. It interacts with 
G3BP-1 (Ras-GTPase activating protein SH3 domain binding 
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protein-1) and decreases stress granule assembly [ 11 ,  13 ], thereby 
affecting the stress response pathway. In addition, it  regulates 
mitochondrial dependent apoptosis [ 14 ]. It interacts with PTPM1 
(PTP localized to the mitochondrion 1), and inhibits its catalytic 
activity, regulating cell viability [ 15 ].  MK-STYX   also has implica-
tions in neuronal development [ 16 ], in which it induces  neurite   
outgrowth and decreases RhoA activation. Furthermore, it affects 
the downstream player of RhoA, actin-binding protein cofi lin. The 
presence of  MK-STYX   decreases the  phosphorylation   of cofi lin in 
non-NGF-stimulated cells, but increased its  phosphorylation   in 
NGF-stimulated cells, whereas knocking it down caused an oppo-
site effect [ 16 ]. 

 These reports illustrate that the pseudophosphatases are key 
molecules in signaling pathways, highlighting the increasing 
importance of investigating the function of such pseudoenzymes. 
In this chapter, we present methodologies for designing catalytically 
active mutants, characterizing interacting partners, and assessing 
function of pseudophosphatases. While the molecular mechanisms 
of pseudophosphatases remain relatively uncharacterized, we 
expect that strategies to tackle these catalytically inactive members 
of the  PTP   family will lead to many novel discoveries.  

2    Materials 

   All solutions are prepared in deionized MilliQ-fi ltered H 2 O. Cell 
culture and transfection procedures require sterile conditions.

    1.    Recombinant cDNA of the tagged pseudophosphatase of inter-
est, cloned into a mammalian expression vector ( see   Note    1  ).   

   2.     Site-directed mutagenesis   kit ( see   Note    2  ).   
   3.     PCR   reagents ( see   Note    3  ).   
   4.     PTP   activity assay kit ( see   Note    4  ).    

         1.      Mammalian   cell lines suitable for  transfection   and transient 
 overexpression   of recombinant proteins ( see   Note    5  ).   

   2.    Cell culture medium and any required supplements.   
   3.    Lipofectamine 2000 and Opti-MEM Reduced Serum Medium 

or the lab’s preferred  transfection   reagent.   
   4.    10×  Phosphate  -buffered saline (PBS): 0.2 M KH 2 PO 4 , 1.5 M 

NaCl, pH 7.2. Dilute as required to 1×.   
   5.    Lysis buffer: 50 mM HEPES, pH 7.2, 150 mM NaCl, 10 % 

glycerol, 10 mM NaF, 1 % Nonidet P-40 alternate (e.g., 
IGEPAL), and Roche  protease inhibitor   cocktail tablets; or 
other appropriate protease and phosphatase inhibitors 
( see   Notes   6 and   7  ).   

2.1  Conversion of a 
Pseudophos-phatase 
 STYX   Domain 
to an Active  Signature 
Motif   (HCX 5 R)

2.2  Immuno-
precipitation and 
Immunoblotting
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   6.    Cell lifters or scrapers.   
   7.    Bradford protein concentration assay reagent (or the lab- 

preferred method to determine protein concentration).   
   8.    Antibodies against the pseudophosphatase of interest (or an 

epitope tag in a mammalian expression vector) ( see   Notes    1   
and   8  ).   

   9.    Immunoglobulin (Ig) G beads (or protein A beads; dependent 
on primary antibody) ( see   Note    9  ).   

   10.    5× Laemmli sample loading buffer: 10 % Sodium dodecyl sulfate, 
30 % glycerol, 250 mM Tris–HCl, pH 6.8, and 0.02 % bromo-
phenol blue.   

   11.    Dithiothreitol (DTT) or β-mercaptoethanol.   
   12.    1.5 mL Centrifuge tubes ( see   Note    10  ).   
   13.    Access to  mass spectrometry   facilities ( see   Note    11  ).   
   14.    Sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

(SDS-PAGE) reagents ( see   Note    9  ): 30 % Acrylamide- 
bisacrylamide mix (29:1); 1.5 M Tris–HCl (pH 8.8); 1.0 M 
Tris–HCl (pH 6.8); 10 % SDS; 10 % ammonium persulfate; 
tetramethylethylenediamine (TEMED).   

   15.    Protein standard molecular weight marker (pre-stained and 
unstained).   

   16.    Protein stain (Coomassie blue and destain, or silver stain) 
( see   Note    12  ).   

   17.    Polyvinyl difl uoride (PVDF) membrane or nitrocellulose 
membrane ( see   Note    13  ).   

   18.    Blotting paper.   
   19.    Transfer buffer: 48 mM Tris base, 39 mM glycine, 1.3 mM 

SDS, 20 % methanol ( see   Note    13  ).   
   20.    Blocking reagent (powdered milk, bovine serum albumin 

[BSA], or commercial blocking reagent) ( see   Note    14  ).   
   21.    Anti-rabbit or anti-mouse antibodies conjugated to horserad-

ish peroxidase (HRP), dependent on the source of primary 
antibody.   

   22.    10× Tween 20-Tris saline buffer (TTBS): 1.0 M Tris–HCl 
pH 7.5, 1.5 M NaCl, 0.1 % Tween 20 (v/v). Dilute as required 
to 1×.   

   23.    Enhanced chemiluminescence (ECL) Prime, or another che-
miluminescence detection reagent.   

   24.    Mild stripping buffer: 200 mM Glycine, 3.5 mM SDS, 1 % 
Tween 20 ( see   Note     15  ).      

       1.     Short  hairpin   (shRNA)    expression plasmids specifi c for pseudo-
phosphatase of interest ( see   Notes    16  –  18  ).   

2.3  Knockdown
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   2.    Lipofectamine 2000  transfection   reagent and Opti-MEM (or 
other  transfection   reagent).   

   3.    Aurum™ Total RNA Mini Kit or the lab’s preferred RNA 
isolation kit ( see   Note    19  ).   

   4.    SuperArray RT 2  First Strand Kit or the lab’s preferred cDNA 
kit.   

   5.    StepOne™ Real-Time PCR or a lab-preferred real-time quan-
titative polymerase chain reaction (qPCR) apparatus.   

   6.    RT 2 SYBR Green/Fluorescein qPCR Master Mix or reagent 
designed for the lab’s specifi c qPCR apparatus.   

   7.    Primers for the pseudophosphatase of interest.        

3    Methods 

       1.    Design primers that will substitute the residues of the pseudo-
phosphatase to residues that resemble a  PTP   signature active 
site (HCX 5 R). For example, the  PTP   signature site of  MK- 
STYX   consists of FSTQGIRS; thus we designed primers that 
substituted HC for the FS to generate the sequence 
HCTQGIRS ( see   Notes    1   and   18  ).   

   2.    Follow the protocol of the  site-directed mutagenesis   kit and 
 PCR   to construct a plasmid that contains the signature active 
site ( see   Note    2  ).   

   3.    Sequence plasmid to confi rm that the newly generated residues 
are equivalent to the PTP-active-site signature motive sequence 
[I/V HC XXGXX R [S/T]], in which the residues in bold play a 
critical role in  catalysis  .   

   4.    Perform a  PTP   activity assay to determine whether the substi-
tuted residues of the pseudophosphatase confer  PTP   activity 
( see   Note    4  ).      

     If the activity of a pseudophosphatase is “restored,” this active 
mutant can serve as a powerful tool for functional studies of the 
wild-type pseudophosphatase. Therefore, when an active mutant is 
available, it should also be used for  immunoprecipitation   studies. 
The wild-type pseudophosphatase may bind different proteins 
than the active mutant ( see   Notes    20   and   21  ).

    1.    Transfect cells of interest with a mammalian expression plas-
mid containing the tagged pseudophosphatase ( see   Note    1  ). 
We transfect cells seeded on a 10 cm plate with 2 or 4 μg plas-
mid following the Lipofectamine 2000 protocol.   

   2.    24 or 48 h post- transfection   remove medium ( see   Note    19  ), 
wash with 1× PBS, and remove PBS.   

3.1  Creation of an 
Active  PTP   from a 
Pseudo-phosphatase

3.2  Identifying 
Interacting Partners of 
Pseudo-phosphatases

Analyzing Pseudophosphatase Function
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   3.    Add 1 mL (for 10 cm plates) lysis buffer with protease  and   
phosphatase inhibitors (when warranted;  see   Notes    6   and   7  ), 
and make sure that all cells are covered by the buffer. Incubate 
cells (in plate) on ice for 3 min ( see   Note    22  ).   

   4.    Use cell lifter to remove cells from plate, and pipet ~1 mL 
lysate into a pre-chilled 1.5 mL microcentrifuge tube. Incubate 
on ice for 5–10 min. Time is dependent on viscosity of samples; 
samples should not become too viscous.   

   5.    Centrifuge for 15 min at 14,000 ×  g  at 4 °C. Samples may be stored 
at −20 °C or protocol continued for  immunoprecipitation.     

   6.    Determine the protein concentration with Bradford reagent or 
another protein quantitative assay. The minimum amount of 
protein required for an  immunoprecipitation   is 500 μg/mL. 
We prefer to use 1 mg/mL or up to 2 mg/mL ( see   Note    23  ). 
Dilute samples with lysis buffer to a total volume of 1 mL.   

   7.    Pre-clear lysate ( see   Note    24  ) by adding 20 μL protein A or G 
beads (dependent on antibody;  see   Note    9  ). Incubate on ice 
for 30 min, and centrifuge for 5 min at 14,000 ×  g , at 
4 °C. Transfer lysate (not beads) to a new 1.5 mL centrifuge 
tube ( see   Note    10  ).   

   8.    Save 40–50 μL lysate to analyze by immunoblotting to ensure 
that the  immunoprecipitations   were performed with equal 
amounts of protein.   

   9.    Add 5 μL antibody probing for the pseudophosphatase of 
interest, and incubate on ice for 1 h. Make sure that the anti-
body is mixed well with the lysate by inverting the tube.   

   10.    Add 25 μL of well-suspended protein A or G beads to lysate 
(sample) and antibody mixture. Gently pipette twice to release 
excess beads into solution, and invert tube and place on ice. 
Place tubes containing the lysates (samples), antibody, and 
beads on a rocker in a cold room (at 4 °C) for 1 h. Be careful 
to ensure that tubes are tightly sealed. We prefer an adjustable 
test tube rocker.   

   11.    Centrifuge for 15 min at 14,000 ×  g  at 4 °C; protein A or G 
agarose beads should be visible as a pellet.   

   12.    Aspirate supernatant with a Pasteur pipette that has a gel load-
ing (fl at) tip connected to it. The extra tip minimizes the force 
of the aspiration and prevents aspiration of the beads (the 
immunoprecipitated sample). Be careful not to disturb beads; 
we suggest not to aspirate all of the supernatant until the fi nal 
wash ( see   Note    25  ).   

   13.    Wash three to four times with 1 mL ice-cold lysis buffer by 
centrifuging at 10,000 ×  g  at 4 °C for 30–60 s. If complexes are 
stable, the washes may be done at room temperature.   

   14.    After the fi nal wash, aspirate as much as possible of the super-
natant. Be consistent with the volume of beads (samples) left 
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in each tube because this is the sample that will be analyzed for 
complexes.   

   15.    Elute the complexes from the beads with 50 μL sample loading 
buffer and 100 mM DTT. Heat to 85 °C (or boil) for 5 min, 
centrifuge briefl y (~1 min), and load sample onto SDS- 
PAGE. Samples may also be stored at −20 °C for electrophore-
sis at a later time. Samples may be aliquoted into two separate 
tubes for staining and immunoblotting purposes.   

   16.    Resolve samples on a 10 % SDS-PAGE or appropriate percent-
age gel for size of pseudophosphatase of interest ( see   Note    26  ).   

   17.    Stain gel with Coomassie Blue or silver stain to visualize 
proteins ( see   Note    12  ).   

   18.    To identify the proteins of interest, cut out the bands (proteins), 
and send to a  mass spectrometry   facility for identifi cation of 
the peptides ( see   Note    11  ). When a possible candidate is iden-
tifi ed as an interacting partner of the pseudophosphatase, an 
immunoblot may be performed on the immunoprecipitated 
complex.   

   19.    Resolve samples (20 μL from  step 15 ) by 10 % SDS-PAGE (or 
desired percentage gel), making sure that samples are heated 
and centrifuged before loading.   

   20.    Transfer samples to a PVDF membrane, using desired transfer 
methods ( see   Note    13  ).   

   21.    Detect the candidate determined to be the possible interacting 
partner by standard immunoblotting and chemiluminescence 
detection techniques, using the antibody against the candi-
date, and the appropriate secondary antibody.   

   22.    Detect the pseudophosphatase by standard immunoblotting 
and chemiluminescent detection techniques, using the anti-
body against the pseudophosphatase or the tag, and appropri-
ate secondary antibody. If the pseudophosphatase and possible 
interacting candidate are of suffi ciently different molecular 
masses, cut the PVDF membrane so that each protein is sepa-
rate and may be probed separately with appropriate antibodies. 
However, if the proteins are close in size, the membrane must 
be stripped ( see   Note    15  ).   

   23.    Strip membrane by warming stripping buffer to 50 °C, and 
add enough buffer to cover the membrane placed in a small 
plastic container with lid. Or use the lab’s established stripping 
protocol.   

   24.    Add the membrane, and incubate at 50 °C while agitating for 
45 min.   

   25.    Dispose of the buffer as required by the institution.   
   26.    Rinse the membrane under running tap water for 1–2 h.   

Analyzing Pseudophosphatase Function
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   27.    Wash two times for 5 min with 1× TTBS before performing 
the immunoblotting procedure, blocking fi rst.    

         1.      Seed   cells of interest that express the pseudophosphatase at 
6 × 10 5  cells per 10 cm plate.   

   2.    24 h post-seeding, transfect cells with 10 μg of the pseudo-
phosphatase shRNA expression plasmid ( see   Notes    16  –  18  ).   

   3.    Incubate plates for 4–6 h, and replace medium with fresh 
medium. Success of  transfection   may be visualized with a 
fl uorescence microscope, when using GFP-tagged shRNA 
plasmids.   

   4.    To validate  knockdown   of the pseudophosphatase, mRNA 
levels may be examined by qPCR:

 ●    Analyze mRNA levels. 24 h post- transfection  , purify RNA 
with the Aurum™ Total RNA Mini Kit (or lab’s estab-
lished RNA purifi cation compatible with the qPCR appa-
ratus;  see   Note    19  ).  

 ●   Determine concentration of RNA; only use RNA with the 
following ratios:  A  260/280  > 2.0 and  A  260/230  > 1.7 for qPCR.  

 ●   Synthesize cDNA from 0.735 μg RNA with the SuperArray 
Bioscience’s RT 2  First Strand Kit or the lab’s established 
cDNA protocol.  

 ●   Use a 48-well plate to set up reactions; one reaction (total 
volume 25 μL) should contain 12.5 μL RT 2  SYBR Green/
Fluorescein qPCR Master Mix specifi cally designed for the 
lab’s preferred qPCR apparatus, 11.5 μL RNase-free water, 
1.5 μL cDNA template, and 1 μL appropriate primer. A 
reaction should also be set up with a housekeeping gene 
(dependent on cell type) for each experimental sample to 
normalize the raw data. “No reverse transcriptase” con-
trols should be included for each gene of interest and 
housekeeping gene to detect any genomic contamination.  

 ●   Centrifuge the 48-well plate for 90 s at 400 × g.  
 ●   Load the Applied Biosystems’ StepOne™ Real-Time  PCR 

  apparatus or lab’s preferred apparatus.  
 ●   Run the qPCR at the following parameters: 10 min at 

95 °C (for enzyme activation), and 40 cycles of 15 s at 
95 °C, 35 s at 55 °C, and 30 s at 72 °C. The SYBR Green 
fl uorescence should be detected and recorded during the 
annealing step of each cycle.  

 ●   Perform a melting curve as a quality control measure, and 
analyze the qPCR data. When using the Applied Biosystems’ 
StepOne™ Real-Time PCR apparatus, the ΔΔ C  t  (Livak) 
method is used with ABI StepOne software.      

3.3  Investigating 
the Biological 
Signifi cance 
of Pseudo-
phosphatases 
by Knockdown
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   5.    To further validate  knockdown   of the pseudophosphatase, 
protein expression levels may be examined by immunoblotting 
( see   Note    18  , and Subheading  3.2 ).   

   6.    24 h post- transfection   observe cells with phase and fl uores-
cence microscopy for any noticeable morphological changes 
(such changes may be noticed sooner than 24 h, so it is advis-
able to monitor cells over a time course). These morphological 
changes may suggest possible biological functions and proteins 
involved in these functions that the pseudophosphatase may 
regulate ( see   Note    27  ).   

   7.    24 post-transfection stimulate cells with the appropriate stimu-
lus or  inhibitors   for the desired biological functional assay ( see  
 Note    28  ).   

   8.    Perform immunoblot with the antibodies against the desired 
protein of interest ( see  Subheading  3.2 ). Analyze whether 
knocking down the pseudophosphatase changed the expres-
sion pattern of the chosen protein of interest ( see   Note    29  ).        

4                                                    Notes 

     1.     MK-STYX   was fl anked by two  FLAG epitopes  , and then cloned 
into the vector of interest. We suggest using a tag such as a 
FLAG expression system. The FLAG expression system will 
allow numerous applications with the pseudophosphatase such 
as protein purifi cation, immunoblotting, and  immunoprecipi-
tation  . FLAG is a small hydrophilic peptide that is unlikely to 
interfere with protein folding or alter the function of the pseu-
dophosphatase. In addition, the  FLAG epitope   may be detected 
with a commercially available anti-FLAG antibody.   

   2.    Substituting amino acid residues is no longer labor intensive. 
Mutations to change nucleotide codons for amino acid residues 
may be accomplished by purchasing site-directed  mutagenesis   
kits from companies such as Agilent Technologies (Quik 
Change II) or New England Bio Labs ( site-directed mutagen-
esis   kit). Furthermore, there are companies that will synthesize 
a DNA construct with the desired sequence (e.g., GeneArt, 
Life Technologies). Considering that there may be other 
important domains responsible for the function of  PTPs   such as 
the CH2 (cdc25 homology) in the MKPs family, we suggest 
that the sequence of such domains be closely examined for any 
possible substitution as well for possible future investigations.   

   3.     PCR   is a common technique widely used in cellular and molec-
ular and biochemical laboratories. Therefore, the details of 
 PCR   are not discussed in this chapter.   
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   4.    A purifi ed protein is required for  PTP   activity assay. When 
purifi ed protein is unavailable, cells may be transfected with 
plasmids encoding the pseudophosphatase, and  immunopre-
cipitation   performed to obtain purifi ed protein. Then, a  PTP 
  activity assay may be performed.  PTP   catalytic activity is very 
substrate specifi c; therefore, commercial  PTP   activity kits may 
not be specifi c enough to test for putative “restored” activity, 
and it may be necessary that specifi c substrates be radiolabeled 
with [γ-P 32 ] ATP  .   

   5.     MK-STYX   has been successfully overexpressed in mammalian 
cell lines such as HEK-293, HeLa, COS-1, and PC12. The 
appropriate media such as Dulbecco’s modifi ed Eagle medium 
(DMEM), minimum essential medium (MEM), or Roswell 
Memorial Institute (RPMI) medium are required to culture 
each cell line successfully.   

   6.    No one buffer is universal to suffi ciently lyse all cells. Therefore, 
it is important to choose the appropriate buffer that allows the 
release of a recognizable antigen (pseudophosphatase) by the 
antibody. Various buffers such as NP-40 Lysis: 150 mM NaCl, 
1 % NP-40, and 50 mM Tris–HCl, pH 8.0 (nonionic deter-
gent) or RIPA: 150 mM NaCl, 1 % NP-40, 0.5 % sodium 
deoxycholate, 0.1 % SDS (combination of nonionic and ionic 
detergents, thus more denaturing), and 50 mM Tris–HCl, 
pH 8.0 should be tested to determine the most effi cient way to 
release the pseudophosphatase and other proteins. Researchers 
may build their own lysis buffer by altering salt concentration, 
type of detergent, pH, and the presence of divalent cations, 
which are variables that may drastically alter the release of pro-
teins in the cells.   

   7.    The addition of phosphatase  inhibitors   or other  inhibitors   to 
the lysis buffer is dependent on the design of the experiment. 
When studying an active phosphatase, we suggest including 
phosphatase  inhibitors   in the lysis buffer. We add all  inhibitors 
  to the buffer immediately before lysing cells, providing enough 
time to dissolve in buffer on ice.   

   8.    Although an antibody for  MK-STYX   (anti-STYXL1) is now 
available, we prefer to use anti-FLAG for immunoprecipitating 
over-expressed Flag-tagged  MK-STYX   for the following rea-
sons: (1) reliability, (2) specifi city to the over-expressed 
 MK-STYX  , and (3) cost. Therefore, we recommend when 
 immunoprecipitation   does not require pulling down the 
endogenous protein of interest, an antibody against the tag 
epitope is used. Furthermore, if an active mutant phosphatase 
is used as a comparison tool of the pseudophosphatase, then 
antibody against the tag epitope should be used. The success 
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of  immunoprecipitation   is dependent on the purifi cation of the 
antigen, which is affected by the abundance of antigen in sam-
ple, and the affi nity of the antibody for the antigen.   

   9.    Purifying the immune complex (pseudophosphatase antibody, 
and possible unidentifi ed binding partners) relies on the appropriate 
secondary reagent that binds the antibody. Therefore, the 
appropriate beads (recombinant protein A or G) should be 
chosen, based on the affi nity to the immunoglobulin. Protein 
G or A differs in its binding strength to immunoglobulins from 
different species and subclasses. For example, anti-FLAG 
antibody produced in mouse has a greater affi nity for isotope 
IgG1 (immunoglobulin); therefore, protein G beads were 
used to precipitate  MK-STYX   fused to FLAG.   

   10.    It is helpful to pre-label tubes ahead of time with the correct 
lysate (sample), and antibody used. When we immunoprecipi-
tate with two different antibodies, we prefer to use two differ-
ent colors of 1.5 mL centrifuge tubes.   

   11.    Collaboration should be established with a  mass spectrometry 
  facility during initial experiments so that the correct parame-
ters for buffers and elution procedure may be established with 
the  mass spectrometry   facility performing the analysis. The 
decision may be not to elute samples from the beads with sam-
ple loading buffer, and/or not to use protein A or protein G 
beads to interact with the antibody. When  mass spectrometry 
  was performed on the immunoprecipitate for  MK-STYX  , the 
 immunoprecipitation   was performed with EZview™ RED 
ANTI-FLAG R  M2 Affi nity Gel, and the  mass spectrometry 
  facility performed the elution.   

   12.    Both Coomassie Blue and silver staining are used to visualize 
proteins. However, silver staining is 30-fold more sensitive and 
is compatible with mass spectrometric analysis. We use 
Coomassie Blue staining for initial analysis of complexes. When 
the decision is made to identify a specifi c protein, silver stain-
ing is used so that  mass spectrometry   may be performed. 
Coomassie Blue and silver stain may be purchased commer-
cially. The manufacturer’s protocol should be followed.   

   13.    We have provided a protocol for the traditional way to transfer 
proteins to membranes. However, PVDF or nitrocellulose 
membranes may be purchased as stacks (membrane, blotting 
paper, cathode, anode, and the required buffers) for quick and 
reliable transfer. These stacks require the purchase of a special-
ized gel transfer device such as the iblot (GE, Health Care) or 
Trans-Blot Turbo System (BioRad). We use both traditional and 
newer techniques, and have found, with low protein 
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 concentrations, that the iBlot provides the best results; we have 
not tested the Trans-Blot Turbo System for these purposes.   

   14.    Various blocking reagents may be used, depending on the 
antibody required for the immunoblotting. 5 % milk is a com-
monly used blocking reagent. To substitute for milk, many labs 
also use a commercial blocking reagent that accompanies the 
secondary antibodies. The antibody product sheet will provide 
specifi cations for antibody concentrations and/or ratios and 
blocking conditions to be used; some antibodies may require 
the use of BSA as a blocking agent.   

   15.    When detecting (probing) proteins that migrate at or near 
each other, the membrane must be stripped and re-probed 
with the other primary antibody of interest. The reagents 
provided in this chapter are for a mild stripping buffer. 
However, a more stringent stripping buffer (when residual is 
seen from the fi rst blot) may be used.   

   16.     RNA interference (RNAi)   is commonly used to examine intra-
cellular protein functions; it allows sequence-specifi c repres-
sion of gene expression through mRNA degradation or 
translational repression [ 17 ].  RNAi   may be accomplished by 
introducing small interfering RNAs (siRNAs) directly into 
cells, or by introducing plasmid expression vectors for short 
hairpin RNAs (shRNAs) [ 7 ,  18 ], or viral vectors for short hair-
pins (more stable conditions) [ 19 ]. Methods in this chapter 
describe  transfection   techniques using a commercially available 
plasmid that co-expresses  green fl uorescent protein (GFP)   and 
shRNA against the pseudophosphatase  MK-STYX  . The advan-
tage of coexpression of  GFP   is that  transfection   effi ciency can 
be validated by viewing cells under a fl uorescence microscope.   

   17.    More than one shRNA should be included in the  knockdown   
experiment to ensure that any results are not due to nonspe-
cifi c, off-target effects. shRNAs  with   different effi cacies of 
 knockdown   also provide an additional level of control and 
verify for dose dependency of functional effects [ 19 ].   

   18.     RNAi   experiments are only signifi cant when  knockdown   of the 
specifi c gene is confi rmed; therefore,  knockdown   must be vali-
dated.  Knockdown   of the transcript is confi rmed by qPCR, 
and the  knockdown   of the protein product may be confi rmed 
by immunnoblotting. Immunoblotting provides visualization 
of the protein  knockdown   (and may also provide semiquantita-
tive validation), whereas qPCR allows highly accurate quantifi -
cation of gene expression levels [ 3 ,  20 ]. We recommend using 
both methods in combination.   

   19.    High-quality RNA is important for gene expression experi-
ments and is essential for accurate, good-quality, and consis-
tent  real-time quantitative PCR   analysis [ 3 ]; a BioAnalyzer 
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(Agilent) may also be used to quantitate the RNA as well as 
DNA or proteins.   

   20.    Not all pseudophosphatases may be able to have their activity 
“restored.” However, it is worthwhile to test whether, as in the 
case of the prototypical  STYX   [ 21 ] or  MK-STYX   [ 11 ], muta-
tions could be introduced to generate a catalytically competent 
form. A comparison of the effects of the catalytically active and 
inactive form of a pseudophosphatase may exert different functions 
on signaling cascades, which may provide insight into a specifi c 
role of a pseudophosphatase.   

   21.    In the enzymology arena the term “mutant” is normally asso-
ciated with creating an inactive version of an enzyme. Therefore, 
we coined the term “active mutant” to avoid confusion.   

   22.     Immunoprecipitation   should be done on ice; therefore, buffers, 
centrifuges, and microcentrifuge tubes should be at 4 °C. It is 
not necessary for the experiment to be done in a cold room; 
however, the 1.5 mL microcentrifuge tubes should be pre-
chilled, and buffers stored on ice during the procedure.   

   23.    Another constraint of  immunoprecipitation   is determining the 
amount of antibody-antigen ratio (how much antibody should 
be used to effi ciently interact with the antigen). The protocol 
provided has been optimized for 1 mg/mL protein lysate. 
Occasionally, we have used 2 mg/mL; however, when a larger 
amount of protein lysate is preferred, the amount of antibody 
as well as protein A or G agarose beads should be optimized.   

   24.    Preclearing lowers the background and improves the signal- to- 
noise ratio by minimizing nonspecifi c binding (proteins in the 
lysates that bind nonspecifi cally are removed). Because of the 
commercial availability of protein A or G beads, and the 
thought that these products are immediately ready for  immu-
noprecipitation  , many investigators think that they can skip 
preclearing. However, we suggest preclearing the lysate (sam-
ples), at least with the beads. Preclearing may also be done by 
adding an irrelevant antibody to the lysate and following the 
 immunoprecipitation   procedure. We found that adding beads 
alone suffi ces, and provides an effi cient control “mock” 
 immunoprecipitation  .   

   25.    The most common concern about  immunoprecipitation   is 
background (nonspecifi c binding). However, it is important to 
note that background may be specific, when antigens are 
recognized by spurious antibodies used for the experiment, 
which gives rise to specifi c background bands. Methods to 
solve this problem are as follows: (1) remove the contaminated 
antibody by using an antigen affi nity column to purify the 
antigen-specifi c antibody, and (2) block the contaminated 
antibody’s activity by saturating it with the proteins that it 
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binds. Nonspecifi c background results from numerous sources. 
This problem is often solved by using more stringent washes, 
alternating wash buffers from high salt to low salt, and increas-
ing the number of washes or length of wash.   

   26.    SDS-PAGE gels may be made at various concentrations 
(6–12 %) dependent on molecular mass (size) of the protein of 
interest. Typically a 10 % gel is used for resolving proteins of a 
broad range of molecular weights. When the protein of inter-
est resolves at large molecular weight, lower gel percentages 
are used and higher gel percentage for proteins that resolve at 
smaller molecular weights. A gradient gel with various acryl-
amide percentages may also be used. Instead of making SDS- 
PAGE gels, they may also be purchased commercially at the 
desired percentages or gradients.   

   27.    Whether overexpressing  MK-STYX   or knocking down  MK- 
STYX   in PC12 cells, a morphological difference was immedi-
ately noticed. Over-expressing  MK-STYX   induced these cells 
to form  neurite  -like outgrowths, whereas  knockdown   pre-
vented any outgrowth. Furthermore, RhoA activity decreased 
in the presence of  MK-STYX  , and increased when  MK-STYX 
  was knocked down [ 16 ].   

   28.    To determine the role of  MK-STYX   in neuronal differentia-
tion, we knocked down  MK-STYX   and stimulated cells with 
100 ng/mL nerve growth factor (NGF) [ 16 ].   

   29.     MK-STYX   decreased RhoA activation; therefore, we evalu-
ated  MK-STYX  ′ effect on the RhoA downstream effector, 
cofi lin. Knocking down  MK-STYX   increased cofi lin  phos-
phorylation   in unstimulated cells, but decreased it 24 h post-
NGF stimulation [ 16 ].  MK-STYX  ′ effects on RhoA and 
cofi lin dynamics imply that this pseudophosphatase may have 
a role in biological functions where cytoskeletal reorganiza-
tion is important.          
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    Chapter 10   

 Crystallization of PTP Domains                     

     Colin     Levy    ,     James     Adams    , and     Lydia     Tabernero      

  Abstract 

   Protein crystallography is the most powerful method to obtain atomic resolution information on the 
three-dimensional structure of proteins. An essential step towards determining the crystallographic struc-
ture of a protein is to produce good quality crystals from a concentrated sample of purifi ed protein. These 
crystals are then used to obtain X-ray diffraction data necessary to determine the 3D structure by direct phas-
ing or molecular replacement if the model of a homologous protein is available. Here, we describe the main 
approaches and techniques to obtain suitable crystals for X-ray diffraction. We include tools and guidance on 
how to evaluate and design the protein construct, how to prepare Se-methionine derivatized protein, how to 
assess the stability and quality of the sample, and how to crystallize and prepare crystals for diffraction experi-
ments. While general strategies for protein crystallization are summarized, specifi c examples of the applica-
tion of these strategies to the crystallization of PTP domains are discussed.  

  Key words     Crystallogenesis  ,   Se-methionine protein  ,   Crystal seeding  ,   Crystallization trials  , 
  Cryoprotectant    

1     Introduction 

  Protein  tyrosine   phosphatases are important pharmacological tar-
gets [ 1 – 5 ] and therefore they have been extensively studied at the 
structural level [ 6 – 8 ]. A comprehensive list of available PTP struc-
tures, both of PTP domains and PTP extracellular regions, has 
been extracted from the Protein Data Bank (PDB) and can be 
found in the Appendix. 

 Protein crystallization has experienced a major evolution dur-
ing the past 30 years with the introduction of faster cloning 
approaches, more sophisticated recombinant expression systems 
and the use of robotics to assist in setting up trials. Advances on all 
these fronts have transformed  crystallogenesis   from a “magic art” 

   The online version of this chapter (doi:  10.1007/978-1-4939-3746-2_10    ) contains supplementary material, 
which is available to authorized users. 
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into a routine approach in structural biology laboratories around 
the world. These advances have evolved in parallel with major 
technical and engineering developments of X-ray generators, 
detectors and high-brilliance synchrotron beam lines, an increase 
in computing speed and the dissemination of new software pack-
ages that streamline data processing, structure determination and 
refi nement. During this period, the number of protein structures 
deposited in the PDB [ 9 ] as grown from 186 in 1985 to more than 
110,000 in 2015, 372 of which are PTPs. 

 However, the main challenge remains in the production of 
high quality crystals to yield good quality data from the X-ray dif-
fraction experiments. A number of factors affect data quality, from 
the choice of the construct boundaries, to the freezing of the crys-
tals in preparation for diffraction. A careful inspection and analysis 
of the protein sequence prior to cloning is essential to establish the 
correct sequence boundaries or to design mutations that may 
improve stability of the recombinant protein. The decisions taken 
at this stage will have a large impact on protein solubility, the puri-
fi cation process and its chances to crystallize. Even if crystals are 
readily obtained, the internal packing and therefore the diffraction 
quality and maximum resolution that can be achieved in determin-
ing the structure will depend in part, on the quality of the protein 
and its behavior in solution. If no crystals are obtained with the 
initial construct, we recommend a reinspection of the design to 
generate alternative boundaries, eliminate potentially disordered 
regions or to minimize surface entropy. PTP domains contain a 
compact and a well-conserved fold with an antiparallel β-sheet (fi ve 
to eight strands) and surrounding helices (fi ve to eight). Most vari-
ations in the constructs will affect the N-terminal region where 
more variability exists between PTPs. A sequence and structural 
alignment of several PTP structures related to your target PTP 
might help to defi ne similar boundaries for your initial construct. 

 A main consideration for successful crystallization should be 
the solubility of the recombinant protein. Very soluble proteins 
can be concentrated to high levels (>10 mg/mL), which speeds up 
the initial nucleation process and facilitates  crystallogenesis  . Quality 
control of the protein sample is essential to ensure the purity (>95 % 
pure) and homogeneity of the sample. For this, we recommend to 
characterize the behavior of your purifi ed protein in solution by 
testing enzyme activity, if the wild-type PTP protein is expressed, 
as well as monodispersity of the sample to ensure that it contains 
only  one type  of particle, either monomer or dimer, or other oligo-
mers. Polydispersity (i.e., a mix of monomer/oligomers) of the 
sample results inevitably in a lack of  crystallogenesis   or poorly dif-
fracting crystals. Achieving monodispersity requires rigorous puri-
fi cation of the protein ( quality over quantity always! ) involving 
affi nity purifi cation, ion exchange  and   size exclusion chromatogra-
phy. Often, an additional  screening   of different pH and buffer 
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 conditions is necessary to prevent unspecifi c  aggregation   and pre-
cipitation of the protein. The use of additives such as EDTA/
EGTA, reducing agents (DTT, TCEP, β-mercaptoethanol), metal 
ions and other  ligands   is sometimes needed to stabilize the protein 
or its oligomeric state, thus ensuring homogeneity. 

 PTPs are more stable in buffers that contain sulfonic groups 
such as HEPES or MES because these bind to the active site and 
maintain the P-loop in its extended open conformation. Often the 
active site in PTP crystals is occupied by either  phosphate   or sulfate 
that are captured from the culture media, contamination in the 
buffers (from glassware washing detergents), or the crystallization 
conditions (specially ammonium sulfate precipitant). These  ligands 
  will help  crystallogenesis   of the apo-enzyme, but may need to be 
removed if you are planning to do co-crystallization or soaking 
with other  ligands   ( inhibitors  , substrates or peptides). 

 Protein  crystallogenesis   consists of preliminary screens, using 
automation and robotics systems if available, testing a variety of 
preset precipitant conditions (mostly commercially available 
screens), followed by systematic optimization of the initial hits to 
produce larger or better quality crystals. Optimization approaches 
involve  seeding   with the initial crystals to grow larger crystals in 
larger drops and/or refi ning the crystallization conditions (pre-
cipitant concentration, pH, type of buffer, temperature, additives, 
or  ligands  ). Once crystals are obtained, the next step is to identify 
a suitable  cryoprotectant   to allow effi cient fl ash freezing of the 
crystals without compromising their integrity of the quality of 
X-ray diffraction. 

 The whole process, from protein purifi cation,  crystallogenesis 
  to preparing crystals for X-ray diffraction, can take as little as a few 
days for high quality stable and well-behaved proteins, to several 
weeks if optimization is required. Most human PTPs will crystal-
lize readily under standard and published conditions. 

 If no results are obtained, do not despair! There is always an 
alternative way for reluctant proteins. For example, co- crystallization 
with  ligands   or substrates, co-expression with chaperones or co- 
expression/purifi cation with more biological protein partners to 
form stable complexes. Failing that, choosing an ortholog from 
another species may prove helpful, particularly if present in a 
thermophile.  

2    Materials 

 All solutions should be prepared with ultra pure deionized water, 
fi ltered using a 0.22 μm fi lter and kept in glass containers. Chemical 
reagents should be of analytical grade with >98 % purity. We rec-
ommend storing all solutions at 4 °C except for high concentration 
salt buffers (>1 M), which should be stored at room temperature. 
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Polyethylene glycol solutions are susceptible to microbial contami-
nation that can be prevented by adding 0.02 % of sodium azide. 
Commercial solutions do not require further additives as they may 
already contain azide or other antimicrobials. Precautions should 
be taken when manipulating sodium azide or other toxic and haz-
ardous chemicals; always follow manufacturer’s instructions. Make 
sure that you adhere to good laboratory practice regulations and 
that you comply with health and safety guidelines for the disposal 
of chemicals and waste materials. 

       1.     LB media:    Dissolve 10 g of tryptone, 5 g of  yeast   extract, and 
10 g of NaCl in water and make up volume to 1 L. We recom-
mend adding glucose up to 1 % to stop any leaky expression. 
Sterilize by autoclaving and store at room temperature.   

   2.    Minimal media: Prepare the M9 salts by dissolving 64.0 g 
Na 2 HPO 4 ·7H 2 O, 15.0 g KH 2 PO 4,  2.5 g NaCl, 5.0 g NH 4 Cl in 
distilled deionized water and adjust to a fi nal volume of 
1 L. Sterilize by autoclaving. This is enough for 5 L of culture 
medium and can be split into aliquots and stored at 4 °C for 
future use. To prepare 1 L of minimal media, use 500 mL of 
sterile distilled deionized water, add 200 mL of the M9 salts 
stock (see above), 2 mL of 1 M MgSO 4  (sterile), 20 mL of 
20 % glucose or glycerol, 100 μL of 1 M CaCl 2  (sterile), 1 mL 
of the trace element mix and adjust pH to 7.4 with NaOH as 
needed. Adjust to a fi nal volume of 1 L with sterile distilled 
deionized water (adapted from Sambrook [ 10 ]).   

   3.    Trace element mix (1000×): use 800 mL of sterile distilled 
deionized water to dissolve 4.4 g of ZnSO 4 ·7H 2 O, 180 mg of 
MnCl 2 ·4H 2 O, 20 mg of (NH 4 ) 6 Mo 7 O 24 ·4H 2 O, 80 mg of 
CuSO 4 ·5H 2 O, 5.0 g of FeSO 4 ·7H 2 O, 250 mg of CoCl 2 , and 
1.0 g of H 3 BO 3 . Add 1 mL of concentrated H 2 SO 4 , adjust to 
a fi nal volume of 1 L with distilled deionized water. Filter to 
sterilize (do not autoclave!).   

   4.    Amino acid mix (powder): Phenylalanine (100 mg/L), threo-
nine (100 mg/L), lysine (100 mg/L), isoleucine (50 mg/L), 
leucine (50 mg/L), valine (50 mg/L), and  l -selenomethionine 
(80–120 mg/L).   

   5.     Phosphate   buffered saline (PBS): Dissolve 8.0 g of NaCl, 
200 mg of KCl, 1.44 g of Na 2 HPO 4 , 240 mg of KH 2 PO 4  in 
800 mL distilled deionized water. Adjust pH to 7.4 with HCl 
and adjust to a fi nal volume of 1 L. Sterilize by autoclaving.   

   6.    Lysis buffer: use preferred lysis buffer. We recommend avoid-
ing PBS if you plan to do co-crystallization with  ligands  . 
 Phosphate   binds to the active site and it may be diffi cult to 
displace by the  ligand   if used at low concentrations. Alternatively 
use a buffer containing 20 mM HEPES, 500 mM NaCl, 1 mM 

2.1  Se-Methionine 
Protein Production

Colin Levy et al.



159

TCEP, 0.1 % Triton X-100, 10 mM imidazole, pH 7.4 for His-
 tagged   proteins. For GST- tagged   proteins use 20 mM HEPES, 
150 mM NaCl, 3 mM TCEP, 0.1 % Triton X-100, 2 mM 
EDTA, pH 7.4.  Protease inhibitors   can be also added if neces-
sary (commercial cocktails are available). Follow with your 
established purifi cation procedures.       

       1.     Commercial screens for  crystallogenesis  . Several companies sell 
prefi lled 96 deep well blocks screens ready for use with auto-
mated liquid-handling robotics systems or individual kits con-
taining 24–96 reagents, each in 10 mL bulk that can be used 
to setup manual screens. A good starting screen is the JBScreen 
Phosphatase from MiTeGen, derived from data mining the 
PDB for successfully crystallized phosphatases [ 11 ]. Other 
popular general screens are the Morpheus (Molecular 
Dimensions [ 12 ]), Crystals Screen I and II (Hampton Research 
[ 13 ]), PEG/Ion [ 12 ,  13 ], PACT premier, JCSG + , JCSG Core 
Suite (QIAGEN [ 14 ]).   

   2.    Crystallization plates: MRC crystallization plates [ 12 ], 24-well 
“Linbro” plate [ 12 ], XTalQuest 24-well plates for sitting drops 
[ 11 ], Crystal Clear Sealing tape, siliconized glass cover slides 
for hanging drop  crystallogenesis   in “Linbro” style plates and 
Dow Corning high vacuum grease [ 12 – 14 ].   

   3.    Seeding tools:    Streak seeding tool [ 14 ], MicroSeed Beads for 
the preparation of seed stocks for use in microseeding and 
Matrix seeding protocols [ 12 ,  14 ].       

       1.    Cryoproctectant oils: Parabar 10312 (formerly known as 
Paratone- N), Perfl uoropolyether Cryo Oil, and Santovac Cryo 
Oil are all commonly used for cryoprotection of crystals [ 14 ]. 
Parabar 10312 is a viscous oil and it is recommended to mix 
with 50 % mineral oil to lessen the mechanical stress on your 
crystals during the freezing procedure.   

   2.    Two primary styles of cryo-loops are available, fi ber-based 
loops [ 14 ] and Lithographic loops [ 11 ,  12 ]. A selection of 
loop sizes will be required, an ideal loop will match the crystal 
size, avoiding contact with the crystal whilst minimizing the 
surrounding liquor. Lithographic style loops are also available 
in a variety of shapes and meshes that can provide additional 
support when dealing with thin plate like crystals.   

   3.    SPINE standard cryo-pins are compatible with the vast major-
ity of synchrotron facilities worldwide. For a full list of compat-
ibility  see  ref.  15 .   

   4.    Different Synchrotrons utilize different crystal positioning sys-
tems—it is important to check with your local synchrotron 
which system they are using as specialist equipment and tools 
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will be required. However basic cryo-cooling of crystal samples 
will require:

 ●    Magnetic cryo-wand for spine caps [ 12 ,  13 ].  
 ●   Dewars, metal or foam [ 12 ,  13 ]. Modern foam-based 

Dewars are excellent for plunge freezing crystals. A shal-
low dewar holding no more than ~10 cm depth of liquid 
nitrogen is ideal for plunge freezing.  

 ●   Shipping Dewar. A popular option for shipping frozen 
crystals is the Taylor Wharton CX100 Dry Shipper and 
Shipping Case. This system can be matched with a variety 
of inserts to allow the safe transportation of cryogenically 
stored crystal samples internationally to your chosen syn-
chrotron facility. The most appropriate dry shipper will 
vary depending upon the crystal positioning system uti-
lized at your chosen synchrotron [ 12 ,  13 ].          

3    Methods 

        1.    Use the XtalPred-RF website [ 16 ] to run a prediction on the 
crystallizability of your PTP construct. Paste the sequence of 
your protein construct in FASTA format and into the search 
box.   

   2.    Tick boxes for the SERp analysis and the optional feature to 
fi nd bacterial homologues.   

   3.    Retrieve results. You will fi nd information on the estimated 
isoelectric point (IP) of the protein ( see   Note    1  ), disorder pre-
diction, crystallization classes and homologues in the PDB or 
other databases (Fig.  1 ).

       4.    Click on the “link to protein details”, this will take you to a 
page containing the full analysis of your construct and its prob-
ability of crystallization in comparison to a pool of other pro-
teins. It also contains links to homologues in either the PDB or 
a nonredundant database. It has a table with the protein fea-
tures and predictions and a link to the construct design page 
(Fig.  2 ).

       5.    Click to the link “construct design” to access to the multiple 
sequence alignment and information on conservation, disor-
der, secondary structure, and others. When designing your 
construct it is important to consider a number of key factors 
and the bioinformatics analysis will help to guide you in choos-
ing appropriate boundaries, avoiding regions of disorder whilst 
maintaining all highly conserved structural and catalytic ele-
ments (Fig.  2 ). It is wise to generate more than one construct 
with a series of termini varying by ~2 residues at a time, this 
will give you the greatest chance of hitting the ideal length for 
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 crystallogenesis   [ 17 ] In addition it is useful when affi nity tag-
ging your protein for purifi cation to design constructs with 
both N and C terminal cleavable tags. Many PTPs have been 
crystallized with their affi nity His-tag  in   place, however as the 
tag can impede  crystallogenesis   or crystal packing in some 
instances (particularly with larger tags such as  GST   or MBP), 
designing the cleavage into your construct from the outset can 
save a lot of time later in the process.      

       1.    The preferred vectors for recombinant expression systems used 
for PTPs are those that provide His- tag   fusions with the target 
PTP gene (pET, pNIC and their variations,  see  Appendix). Less 
common now is the use of  GST  -tag fusions using pGEX vec-
tors, as these require protease cleavage of the GST  tag   prior to 
crystallization.  GST  -tags may also interfere with phosphatase 
 activity   and induce dimerization if left uncleaved. The use of 
proteases such as  thrombin   has additional liabilities because 
they may also cleave the target protein, therefore these should 
be avoided when possible. We recommend choosing a vector 
that contains  a   His-tag, a small linker and a very specifi c prote-
ase cleavage site (i.e., TEV protease) to minimize chances of 
proteolytic cleavage during preparation of the sample and gen-
erating undesirable heterogeneity.   

   2.    The preferred host for expression of PTP catalytic domains is 
 E. coli  (Appendix). Bacterial hosts with T7 RNA polymerase 
systems are the most commonly used for large-scale expression 
because they are easy and relatively inexpensive to culture and 
produce high yield of recombinant protein. Common strains 
used are BL21 and all its derivatives (BL21 (DE3), BL21 
pLysS, B834, C41 (DE3), CodonPlus, Rosetta, Shuffl e, or 
Tuner). If you have diffi culties optimizing expression on your 
chosen system, we recommend to try different hosts fi rst (vari-
ous bacterial strains) and then change your vector. Some strains 
such as C41, Rosetta, or Shuffl e give better results with pro-
teins that are toxic to bacterial growth.   

   3.    Extracellular domains of PTPs are normally expressed in mam-
malian cells lines (CHO, HEK-293) (Appendix) or using cell- 
free systems (less common as yields are low). Mammalian cell 
expression allows for posttranslational modifi cations such a 
glycosylation, which may be essential for native protein fold-
ing. These expression systems are more expensive because of 
the medium used and the protein yield is sometimes lower 
than bacterial expression systems.      

       1.     Prepare minimal media the  day   before the experiment as per 
materials instructions.   

   2.    Grow a starter culture (20–50 mL), from your glycerol stocks 
or from plated colonies, in LB media supplemented with the 
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appropriate antibiotics and glucose (1 %), at 37 °C overnight 
with agitation.   

   3.    Next morning, transfer some (or all) of the overnight culture 
into 1 L of prewarmed unlabelled LB media, supplemented 
with antibiotic and glucose. Grow this culture at 37 °C with 
good aeration to promote rapid  proliferation   to reach an OD 600  
of 6–10 in about 2 h.   

   4.    Harvest the grown culture at 3500 ×  g  for 30 min in a refriger-
ated centrifuge, discard the supernatant medium and wash the 
pellet with autoclaved PBS buffer three to four times to remove 
completely the LB medium.   

   5.    Prepare the Se-Met medium by dissolving the amino acid mix 
(without methionine!!) powder into the minimal media. 
Resuspend the pellet in warm Se-medium and incubate the 
culture for 2 h at 37 °C. The mix is designed to inhibit methio-
nine biosynthesis and to allow the incorporation of Se-Met 
instead ( see   Note    2  ).   

   6.    Induce your culture with IPTG according to the preestab-
lished conditions (temperature, and length of time) for the 
unlabeled protein. In the new medium it may require a bit of 
extra time for the bacteria to adjust to the new growth 
conditions.   

   7.    Harvest the cells in the usual manner 3500 ×  g , 4 °C, 15–30 min 
and fl ash-freeze the pellets in LN 2  and store at −80 °C.   

   8.    When ready to proceed with the purifi cation, thaw the tubes 
with the pellet in a bucket with ice, resuspend the pellet in 
enough lysis buffer to obtain a density of approximately 0.2 g/
mL (e.g., 10 g topped to 50 mL), and then transfer to a bea-
ker. You can vortex the tubes to help homogenizing the sus-
pension. Make sure that the suspension is smooth with no 
clumps of pellet left.   

   9.    Disrupt the cells by sonication or other means (French press, 
homogenizer) and separate the supernatant containing your 
overexpressed protein by centrifugation (12,000 ×  g  30 min, 
repeat twice to clarify the supernatant until it looks transpar-
ent). Proceed with your purifi cation protocol the same as used 
for unlabeled protein.       

   Critical to successful crystallization is the quality of the protein 
sample. This should be in a native conformation, preferably active, 
monodisperse, homogeneous, and soluble at high concentrations 
if possible. A number of biophysical techniques are now routine in 
many laboratories and biomolecular facilities that provide a quality 
profi le of a given protein sample. These include circular dichroism, 
analytical ultracentrifugation (sedimentation velocity and equilib-
rium sedimentation), multi-angle laser light scattering, dynamic 

3.4  Assessing 
the Quality of Your 
Sample

Colin Levy et al.



165

light scattering, 1-D NMR,    and fl uorescence spectroscopy 
(Thermofl uor) [ 18 ]. These techniques allow the investigation of 
the size and shape of proteins particles, to calculate the hydrody-
namic parameters, to estimate secondary structure content and the 
stability of your protein under different buffer and pH conditions 
[ 18 ]. This information is very valuable to design the best crystal-
lization strategy and complements the structural analyses. Most of 
these techniques are conservative, do not destroy the protein and 
require small amounts of sample. An example of a monodisperse 
and polydisperse protein sample is shown in Fig.  3 .

      Thermofl uor or Differential Scanning Fluorimetry (DSF) provides 
a fl uorescence readout measurement of thermally induced melting 
in proteins. Knowledge about the temperature at which a given 
protein melts,  T  m , is a good indicator of protein stability. It has 
been clearly shown that optimizing the stability of protein samples 
for  crystallogenesis   can aid the formation of crystals [ 19 ]. The 
three dimensional lattice is favored when all protein molecules 
present within the solution adopt a single structurally identical 
conformation. Thermofl uor allows us to rapidly identify condi-
tions that maximize the thermal stability of a protein and thus 
reduce the conformational heterogeneity of the protein dynamic 
states, leading to improved crystal formation [ 19 ]. Full protocols 
and extensive details available from refs. [ 19 ,  20 ].  

         1.       Your sample  will   contain the purifi ed protein at a concentra-
tion as high as it is reasonably achievable. We recommend that 
you aim to reach at least 10 mg/mL or higher. The sample 
buffer should contain some salt (100–150 mM minimum) to 
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  Fig. 3    Example of SEC- MALS   (size-exclusion chromatography and multiangle light scattering) analysis of two 
different PTPs samples ( a ) protein sample, in 20 mM MES, 150 mM NaCl, 1 mM EDTA, pH 6.0, showing a 
polydisperse distribution of molecular mass values although it elutes in a single peak (11.5–13.3 mL). ( b ) 
Protein sample, in 20 mM HEPES, 150 mM NaCl, 1 mM EDTA, pH 7.4, showing a monodisperse distribution of 
molecular mass throughout the elution peak (11.3–12.7). Data courtesy of Dr. Andrew Currin       
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avoid premature precipitation and be at a pH that is compati-
ble with activity and solubility of the protein (pH 6–8 is rea-
sonable, although optimal pH for activity of most PTPs is 
pH 5–6). However, the pH of the crystallization conditions 
may be different than that of the sample buffer, as shown in a 
graph of the most common pH values from the crystallization 
conditions of PTPs (Fig.  4 ) extracted from the Appendix.

       2.    Mix 0.5 μL of sample with 30 % PEG 5000 and check that the 
drop precipitates. If the drop remains clear then further 
concentrating of the sample will be required prior to 
crystallogenesis.      

    Current    automation   favors sitting drop vapor diffusion as the 
means of crystallogenesis; however, alternative methods such as 
hanging drop, free interface diffusion and microfl uidic techniques 
are all valid approaches and can be used according to sample avail-
ability and type of experiment. Crystals grow once the protein 
solution reaches super saturation. This can be achieved by either 
using highly concentrated protein samples or by increasing the 
precipitant concentration until the conditions in the drop have 
reached the metastable region of the saturation curve for the par-
ticular protein (Fig.  5 ). Factors such as buffer pH, salt concentra-
tion and temperature will all affect the saturation profi le of your 
protein. A good screen should allow you to establish where the 
metastable region is for your sample and to identify conditions to 
drive nucleation and crystallogenesis [ 21 ,  22 ].

3.6.2  Crystallization 
Screening
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  Fig. 4    Graph showing the frequency distribution of pH values in the crystallization 
conditions for PTPs. Most conditions are in the range of pH 7–8 although a large 
proportion of conditions are at pH 8–9, probably due to the increase in the p K  of 
the  fusion protein   in the presence of  the   His-tag. Extracted from the PDB entries 
and published data as per list in Appendix       
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     1.    Prior to setting drops it is good practice to spin down the sam-
ple (13,000 ×  g  for 15 min). This will help to minimize the 
presence of detritus arising during the purifi cation procedure 
including chromatography resin, plastic fl akes, denatured and 
aggregated proteins (and fabric fi bers if you are not wearing a 
lab coat!).   

   2.    Protein samples should be stored on ice to minimize any deg-
radation prior to  screening  .   

   3.    Prepare the crystallization plates by adding the screen solu-
tions (24-kit or 96-kit from commercial screens or homemade 
screens) to the reservoir wells ( see   Note    3  ). This can be done 
manually with a multichannel pipette or using a liquid han-
dling automated system. The volume to add will vary depend-
ing on the plate (Appendix).   

   4.    Protein sample and crystallization solution are mixed in a 1:1 
ratio to form a drop, mixed and then sealed and incubated to 
allow vapor diffusion to equilibrate the precipitant concentra-
tion between the drop and the well.   

   5.    Setting the drops manually: a total volume of 2 μL (1 μL of 
sample + 1 μL of reservoir solution) will be suitable for either 
hanging drops or sitting drops. Larger drops can be setup dur-
ing optimization (up to 10 μL in hanging and 25 μL in sitting 

  Fig. 5    Diagram showing a typical protein precipitation curve. Protein crystalliza-
tion depends on reaching a metastable zone within the precipitation curve by 
either increasing the protein concentration or the precipitant concentration. The 
curve shape will vary for every protein according to its solubility and stability 
properties. Knowing the solubility of your protein under certain pH and salt con-
centration is critical to reach the metastable zone quicker, avoiding irreversible 
precipitation       
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drops) to grow bigger crystals, but during the initial screen 
you want to use minimal amounts of sample until you identify 
some hits.   

   6.    Using a robotic platform to set the drops: use a total volume 
of 400 nL (200 nL of sample + 200 nL of reservoir). This is a 
good balance between minimizing sample consumption whilst 
still allowing for the growth of useable crystals.   

   7.    Manual hanging drops: use 24-well Linbro Plates and fi ll res-
ervoirs well with 0.8 mL of each screen condition. Cover the 
rim of the well with silicone grease (dispense from a 5 mL 
syringe previously fi lled with the grease), or vacuum oil. Take 
a round siliconized coverslip (22 mm), clean with wipe or spray 
with compressed air. Aliquot 1 μL or sample onto the cover-
slip. Aliquot 1 μL of reservoir solution and add to the sample 
drop, mixing by pipetting up and down three times. Invert the 
coverslip and seal over the siliconized rim of the well. Push 
gently to remove trapped air bubbles. Incubate (4 or 21 °C) 
for 24 h before checking for signs of crystal growth ( see   Notes  
  4   and   5  ) (Fig.  6 ).

       8.    Manual sitting drops using 24-well XTalQuest plates and fi ll 
well 0.8 mL. Aliquot 1–5 μL sample onto the central well. 
 Aliquot 1–5 μL of reservoir solution and add to the sample 
drop, mixing by pipetting up and down three times. Seal the 
individual wells with a coverslip or with sealing tape over the 
entire plate. Incubate (4 or 21 °C) for 24 h before checking for 

H2O 

Sealing Tape Sitting Drop 

Reservoir 

H2O 

Coverslip Hanging Drop 

Reservoir 

a b 

c d e f g 

  Fig. 6    Diagram showing vapor diffusion crystallization setup trials using either sitting drops ( a ) or hanging 
drops ( b ). Vapor diffusion allows equilibration of the concentration of precipitant between the reservoir and the 
drop to slowly reach the nucleation state. ( c – g ) Usual results from crystallization screens ranging: ( c ) clear 
drop, ( d ) precipitate, ( e ) phase separation, ( f ) microcrystals and ( g ) single crystals suitable for X-ray 
diffraction       
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signs of crystal growth ( see   Notes    4   and   5  ). Alternatively use 
MRC 48-well optimization plate [ 12 ]. This option maintains 
the Society for Biomolecular Sciences (SBS) standard foot-
print, allowing integration with high throughput  screening 
  automated systems.   

   9.    Manual sitting drops using MRC 48-well plates (SBS foot-
print) or other 96-well format trays (MRC Maxi Optimization 
plates). Aliquot 200–400 μL of screen solution into the reser-
voir using a multichannel pipette. Aliquot 1–5 μL of protein 
into each of the drop well positions (some plates have two or 
three drop wells that allow testing different samples with the 
same precipitant condition) on the plate using a multichannel 
pipette or robotics systems if available. Aliquot 1–5 μL of the 
reservoir conditions into the respective protein drops already 
dispensed onto the plate. Seal the plate (sealing tape) and incu-
bate (4 or 21 °C) for 24 h before checking for signs of crystal 
growth ( see   Note    6  ).   

   10.    Requirements for drop size, well volume, protein sample 
amount and average crystal growth time, vary depending on 
the approach used (manual or automated). As guidance we 
have summarized the different parameters in Table  1 .

          Preliminary  screening   will routinely produce crystals that require 
some further optimization prior to data collection (Fig.  7 ). Grid 
based  screening   has been the method of choice to optimize these 
initial hits (Fig.  8 ). However, a powerful and rapid method of opti-
mization is to utilize  Matrix   seeding as described by Darcy et al. 
[ 23 ]. Decoupling nucleation from crystal growth can very quickly 
optimize crystal growth and highlight areas of crystal space able to 
sustain growth but no nucleation of crystals.

      1.    Locate a preliminary hit containing some crystals or crystalline 
material.   

3.6.3  Rapid Hit 
Optimization

   Table 1  
  Typical values for  crystallogenesis   screens including both manual and 
automated systems   

 Manual setup  Robotic setup 

 Drop volume  0.5–5 μL  100–500 nl 

 Reservoir volume  0.5–0.8 mL  30–50 μL 

 Growth time for crystals  3–5 days  24–48 h 

 Total protein volume required 
for initial  screening   (480 drops) 

 240–2400 μL  48–240 μL 

 Time for setup  ~2–3 h  ~30 min 
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   2.    Aspirate the entire drop containing the crystals along with 
~50 μL of the mother liquor from the reservoir and dispense 
this into a Micro seed bead [ 12 ,  13 ].   

   3.    Vortex this mixture for 90 s to generate the seed stock 
( see   Note    7  ).   

   4.    Transfer to ice.   
   5.    Setup repeat screens as carried out for the primary  screening 

  but reduce the protein volume by 10 % and substitute this vol-
ume with seed stock ( see   Note    8  ). Aliquot 180 nL of protein. 
Multi-aspirate ( see   Note    9  ) 20 nL of seed stock and 200 nL of 
crystallization cocktail and dispense these together into the 
protein drop (Fig.  9 ).

       6.    Seal and incubate as previous.   
   7.    Alternative Optimization Strategies. Despite the power of 

Matrix seeding as a means of rapid hit optimization, it may still 
be necessary to utilize alternative approaches for some systems 
(Fig.  8 ). Optimization routes to consider include:

 ●    Temperature  screening  . If after a period of initial incubation 
trays do not show signs of crystal formation or precipita-
tion it can be useful to move them to an alternative incuba-
tion temperature. Some systems will readily crystallize over 

Sitting Drop
Vapour

Diffusion

Data Collection 

D
iffraction Q

uality C
rystals 

Matrix Seeding

D
iffraction Q

uality C
rystals 

No Crystals
Consider

Construct Design
Target Choice
Protein Purity
MALLS
Thermofluor

Poor Crystals

Consider
Temperature screening
Volume screening
Grid based optimisation
Additive screening

Diffraction Quality Crystals

  Fig. 7    Flowchart in a crystallization optimization protocol. Decision making points lead to either diffraction of 
suitable crystals or to reconsider new constructs or optimization of the initial crystals hit conditions to improve 
size/quality of the crystals. This is an iterative process that may require several runs of optimization depending 
on the diffi culty of the project       
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a broad range of temperatures whilst others appear to only 
crystallize within a very narrow temperature window. 
Typical temperatures to test: 4, 15, 21, 25 °C.  

 ●   Varying drop volume. Drop volume is a much-underuti-
lized  screening   variable and can have a marked impact on 
the equilibration rate, dynamics and on the crystal size. 
Larger drops will slow down the rate of equilibration whilst 
smaller volumes will lead to more rapid equilibration. 
Setting drops of total volume 400, 800 and 1200 nL on a 
single three well plate can be an excellent strategy to opti-
mize initial hits obtained in 400 nL drops.  

 ●   Varying reservoir volume. This will similarly have an impact 
on the rate of equilibration of the drop. Reducing the 
reservoir volume will slow the rate of equilibration whilst 
increasing the reservoir volume will have the opposite 
effect.  

 ●   Once an initial hit condition has been located a grid screen 
expansion of this condition can help to optimize the crys-
tals obtained (Fig.  8 ). Grid based optimization can be com-
bined with  seeding   to further aid the process. An excellent 
free online tool for grid-based optimization is provided by 
Rigaku [ 24 ]. This tool will assist you in both designing and 
preparing your optimization grid screen. If funds are plenty 
you can simply have Rigaku make the optimized screen 
for you!  

Aspirate a drop containing
crystals for seed stock plus 50µl
of mother liquor. Dispense into
“Seed Bead” tube

Vortex for 90 sec.
H2O

Sealing TapeSitting Drop

Reservoir

Setup drops:
180nl  Protein
  20nl  Seed stock
200nl  Reservoir solution

Place seed stock on ice

  Fig. 9    Diagram showing how to prepare a seed stock from a drop containing initial crystals. Seed stocks can 
be used  as is  to rescreen using an optimization grid of conditions or to prepare serial dilutions to reseed into 
the original condition to grow larger crystals       
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 ●   Additive  screening   involves the introduction of additional 
components into an already located hit condition (ions, 
alcohols, organic solvents, etc.). Additive screens are avail-
able from a number of commercial suppliers [ 12 ,  13 ]. If 
your protein requires any ions or cofactors for activity 
these should be present in the sample buffer or added to 
the crystallization drop.  

 ●   Limited proteolysis screen. Some PTP constructs may have 
fl exible or disordered regions that prevent  crystallogenesis  , 
as discussed in Subheading  3.1 . One way to overcome this 
is to redesign your construct to eliminate those regions. 
Alternatively, you can use limited proteolysis during the 
optimization process by adding proteases into your crystal-
lization drop. Protease kits are available commercially for 
example (Proti-Ace) [ 13 ], follow manufacturers recom-
mendations to decide on the amount to add depending on 
your drop volume.       

  The ultimate goal is to obtain high quality diffracting crystals with 
size being dependent on the X-ray source to use ( see   Note    10  ).      

   Preparation of PTP complexes with  ligands   (substrates,  inhibitors  , 
peptides) can be achieved in different ways: by incubating purifi ed 
PTP with the  ligand   previous to crystallization, by co- crystallization 
mixing protein and  ligand   in the crystallization drop or by soaking 
apo-protein crystals in a solution containing the  ligand  . In all 
instances, ensuring that the active site is available for  ligand   bind-
ing is essential, as it will affect the effi ciency of the binding as well 
as the fi nal occupancy of the  ligand   in the crystal structure. We 
recommend minimizing the exposure of the PTP sample to  phos-
phate   and sulfate ions during purifi cation by using Tris-based buf-
fers. Another precaution is to rinse thoroughly your glassware with 
distilled water to wash off any  phosphate   traces in the detergents. 
In addition, you can include a desalting step at the end of your 
purifi cation to exchange the purifi cation buffer into a  phosphate  - 
free buffer. A simple and quick way to check the presence of  phos-
phate   in your buffer is to test it with  malachite green   reagent. 

 Small-molecule  ligands   may have very limited solubility in 
aqueous buffers and thus cosolvents (ethanol, DMSO, other alco-
hols or organic reagents) may be used to enhance their solubility. 
Unfortunately these solvents can have a negative impact upon 
 crystallogenesis   by preventing nucleation. One alternative method 
of overcoming this issue is to mix the  ligand   and protein at low 
concentration by directly dissolving the powder into the protein 
sample. Solvents can thus be minimized or avoided altogether, 
instead allowing the protein and  ligand   to complex over a pro-
tracted period.

3.7  Ligand Inhibitor 
Complexation
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    1.    Dissolve  ligand   compound (powder or stock solution) in the 
protein sample solution (before protein concentration). Gently 
mix on a roller shaker for 1–2 h if the  ligand   is very soluble or 
if used from a stock solution. Incubate for 16–24 h for  ligands 
  with limited solubility or if added as powder ( see   Note    11  ).   

   2.    Following incubation, spin the mix to remove undissolved 
 ligand   or aggregates (13,000 ×  g  for 15 min).   

   3.    Concentrate the protein complex until the desired concentration 
for  crystallogenesis   is achieved (>10 mg/mL) ( see   Note    12  ).   

   4.     Screening   and Matrix optimization is carried out as described 
previously. Apo-protein crystals can often be used to assist in 
the nucleation of the complex.   

   5.    Co-crystallization can also be achieved by adding a small vol-
ume of  ligand   stock directly into the crystallization drop 
already containing the protein sample, prior to the addition of 
the well solution. A good precaution is to test the solubility of 
the  ligand   solution in the presence of the precipitant as a con-
trol and to adjust the concentration of  ligand   in the drop. Set 
up a control drop containing sample buffer, add the  ligand 
  solution (<10 % of total drop volume if it is in volatile solvents 
or DMSO) and then the well solution (volumes as per standard 
 screening   protocols). Incubate and check next day for precipi-
tation or crystal growth from the  ligand  . Readjust the concen-
tration of the  ligand   solution accordingly to avoid precipitation 
or change precipitant conditions if crystals of the  ligand   appear.   

   6.    Crystal soaking: dissolve the  ligand   in the mother liquor (taken 
from the reservoir solution where the crystals had grown). 
Prepare a drop containing 5–10 μL of this solution in a sitting 
drop well. Transfer a few crystals from the crystallization drop 
into the  ligand   solution drop using a cryo-loop. Try to mini-
mize the amount of liquid carried on from the original drop. 
Let the crystals soak for a couple of minutes and then fi sh them 
with the loop and freeze. Optimizing the soaking may take a 
few tests until the concentration of  ligand   is such that crystals 
do not crack, but that it is diffusing into the crystal in suffi cient 
amounts to visualize it in the electron density maps.   

   7.    Gradual soaking can be done using increasing amounts of 
 ligand   in the mother liquor. This is a more gentle approach 
and may prevent crystals from cracking or dissolving. If soaks 
are done with small concentrations of  ligand   we recommend 
extending the time of soaking to a few hours or even several 
days The soaks will be done in a sealed sitting drop plate for 
easy manipulation and the buffer changes can be done by 
simply aspirating 80 % of the drop volume and then adding a 
drop with the new buffer. No need to mix, diffusion will take 
care of it. The gradual soaking can also include an initial step 
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of “soaking-out”  phosphate   or buffer components from the 
crystal by using a  phosphate  -free buffer.    

     Prior to data collection crystals will require cryoprotection and 
freezing. Deciding on a suitable  cryoprotectant   can be diffi cult. 
However, as a general rule, crystals grown from polyethylene 
 glycol (PEG) containing conditions will often tolerate the addition 
of low molecular weight PEGs (PEG 200, 400) at 10–20 % or glyc-
erol (20–30 %), which will be suffi cient to cryoprotect the crystal. 
For crystals of complexes with  ligands  , the  cryoprotectant   should 
contain a similar amount of  ligand   as used for crystallization to 
avoid soaking it out. 

 If crystals are grown in ammonium sulfate the best option 
would be to try an oil as the starting  cryoprotectant  ; alternatively 
glycerol (20–30 %) or small PEGs may also work. Another option, 
longer and more risky for the integrity of the crystals, is to “desalt” 
the crystals by soaking them in a drop containing decreasing 
amounts of ammonium sulfate (decrease by 100 mM at a time) 
with increasing amounts of PEG (from 0 to 20 %). These soaks can 
be done changing the buffer every hour if the crystals are robust. 
If they start to crack, then leave them in the drop for a few hours 
and leave the last soak overnight (exchange the buffer as directed 
for the  ligand   soaking procedure). 

       1.    Use a large cryo-loop to check the status of your mother liquor 
(equilibrated reservoir) and determine if it is forming a vitre-
ous glass. Using the largest (0.7 mm) loop available, pick up 
some of the liquor and plunge freeze it in LN 2  using a cryo-
wand. Maintaining the wand and loop under the LN 2  bring 
the loop towards the surface of the LN 2  so you can observe the 
loop region itself. If the loop appears white then you will need 
to add additional components or fi nd an alternative  cryopro-
tectant  , if, however, the loop is clear then you can be confi dent 
that the solution will not result in the formation of hexagonal 
ice.   

   2.    If working in small volume drops, add 1 μL of mother liquor 
to the drop, this can make the mounting signifi cantly easier. 
Add 1 μL of  cryoprotectant   solution (made with the reservoir 
solution), wash twice, use cryo-loops to lift the crystal from 
the drop and transfer to a second drop (1 μL) of  cryoprotec-
tant   solution, then fi sh immediately and plunge freeze.      

   Oils can be excellent  cryoprotectants  ; this is particularly the case 
when  ligand   complexes are being sought, as the oils will minimize 
any back soaking or competition effects from cryo-components 
that may decrease  ligand   occupancy.

    1.    Harvest the crystal as normal and then transfer the crystal to a 
drop containing 1 μL of the oil of choice. More viscous oils 

3.8  Cryoprotection 
and Crystal Freezing

3.8.1  Cryofreezing Using 
Glycerol or PEG

3.8.2  Cryofreezing in Oils
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such as Parabar 10312 will require more care to minimize 
mechanical damage during the crystal manipulation. Passing 
the crystal repeatedly through the air oil interface will cause 
the remaining mother liquor around the crystal to slowly be 
replaced, leaving the crystal surrounded by oil.   

   2.    Prior to plunge freezing the crystal it is often useful to touch 
the tip of the loop on the surface of the plate. This will allow 
the excess oil to run off the surface and leave a loop containing 
only a very thin fi lm of oil with the crystal suspended in it. 
Minimizing the oil in this way will not only enhance the subse-
quent rate of freezing but reduces the background noise dur-
ing data collection and makes centering the sample signifi cantly 
easier!    

            1.    The Protein Data Bank (PDB) is a publicly available online 
database where all macromolecule structures are deposited 
(determined by X-ray crystallography and NMR)    [ 9 ]:   http://
www.rcsb.org       

   2.    XtalPred-RF is an online tool that provides a crystallizability 
classifi cation and it is an useful aid in construct design [ 25 ]: 
  http://ffas.burnham.org/XtalPred-cgi/xtal.pl       

   3.    Series of online tutorials regarding crystallography techniques 
and many related links, news and others. Created by Bernhard 
Rupp:   http://www.ruppweb.org/default.htm       

   4.    Protein Crystal Structure Propensity Prediction Server [ 26 ] 
from the Northeast Structural Genomics Consortium:   http://
nmr.cabm.rutgers.edu:8080/PXS/       

   5.    SERp, Surface Entropy  Reduction   prediction server that helps 
to identify sites that are most suitable for mutation, to aid in 
redesigning your construct and enhance crystallizability [ 17 ]: 
  http://services.mbi.ucla.edu/SER/       

   6.    Rigaku EZ-Screen Builder, grid based optimization tool to help 
building suitable crystallization grids to optimize initial hits: 
  https://www.rigakureagents.com/escreentoolkit/escreen.html       

   7.    Helpful tips and advice on standard procedures regarding  crys-
tallogenesis  :   https://hamptonresearch.com/growth_101_lit.
aspx       

   8.    Online tutorial covering the basic principles of X-ray crystal-
lography:   http://www.ruppweb.org/Xray/101index.html       

   9.    Ray Salemme’s website including links and references to pro-
tein structure and analysis, structure based drug discovery and 
many other useful links:   www.beta-sheet.org       

   10.    Videos on how to freeze crystals:   https://www.youtube.com/
watch?v=FENUWRYXMOM    ,   https://www.youtube.com/
watch?v=QcsaWowulDM       

3.9  Online Tools 
and Resources

3.9.1  Online Links 
and Useful Websites
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   11.    Demonstration on how to use the mosquito automated crys-
tallization setup system    https://www.youtube.com/
watch?v=BZkyRu_UMw8       

   12.    Structural Genomics Consortium, Oxford, UK:   http://www.
thesgc.org/          

       1.    Protein Data Bank (PDB) [ 9 ]:   http://www.rcsb.org       
   2.    Marseille Protein Crystallization Database (MPCD) [ 27 ]: 

  www.cinam.univ-mrs.fr/mpcd/       
   3.    Biological Macromolecule Crystallization Database (BMCD) 

[ 28 ]:   http://xpdb.nist.gov:8060/BMCD4/index.faces       
   4.    Large-Scale Structural Analysis of the Classical Human Protein 

Tyrosine Phosphatome [ 6 ]   http://www.thesgc.org/
resources/phosphatases          

       1.    Principles of Protein X-ray Crystallography [ 29 ].   
   2.    Introduction to Macromolecular Crystallography [ 21 ].   
   3.    Biomolecular Crystallography: Principles, Practice, and 

Application to Structural Biology [ 22 ].   
   4.    Data mining crystallization databases: Knowledge-based 

approaches to optimize protein crystal screens [ 30 ].        

4                  Notes 

     1.    The information of the estimated PI of your construct (includ-
ing the tag) is useful to decide on the best buffer conditions 
during purifi cation of your protein, particularly if you are using 
ionic exchange chromatography. At a pH above the PI the pro-
tein will have a net negative charge. Below the PI it will have a 
net positive charge. However, it is better to determine the 
actual PI values using isoelectric-focusing electrophoresis, this 
will also show if your sample has multiple isoform species with 
slightly different PI. This is another source of heterogeneity 
that it is worth minimizing if crystals are diffi cult to grow. A 
change in salt concentration or pH conditions may alleviate 
the issue followed by effective ion-exchange chromatography 
to separate the isoforms.   

   2.    Some of the solids may not dissolve completely right away but 
they may eventually during culture growth.   

   3.    Plastic plates should be cleaned prior to fi lling with screen 
solutions. Use compressed air to spray and remove dust and 
plastic debris. Alternatively you can wash with distilled water 
and leave to dry inverted on absorbent paper.   

3.9.2  Databases 
Containing Information 
on Crystallization 
Conditions for Protein 
Phosphatases

3.9.3  Crystallography 
Textbooks
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   4.    It is good practice to check the drops right after setting up the 
plate. If precipitate has already formed in all drops, this is a sign 
that protein concentration may be too high. If drops remain 
clear then check after 24 h. Monitoring the dynamics of the 
crystallization is important to understand the behavior of your 
sample and to aid decisions as to how to change concentration 
or buffer conditions during subsequent rounds of purifi cation 
and sample preparation.   

   5.    Single crystals with a clean and sharply faceted appearance are 
most suitable for crystallographic study. Clusters, needles and 
crystalline precipitates are all excellent sources of seeds for 
optimization.   

   6.    As drop volumes increase the equilibration time of the drop 
will also increase. When using 5 + 5 μL or larger drops it is not 
uncommon for crystals not to form for several weeks following 
initial setup.   

   7.    Seed stocks can be fl ash frozen and stored for future use.   
   8.    Seed stocks can be serially diluted to control the levels of nucle-

ation achieved (10 −9 , 10 −12  dilutions are typically used).   
   9.    In order to maximize the stability of our seed stock we utilize 

a multi-aspirate step when dispensing this component. The 
robot will fi rst aspirate 20 nL of seed stock before moving to 
the crystal screen and aspirating a further 200 nL of screen into 
the same tip as the seed. The high concentration of precipi-
tants in the screen aid the stability of the seeds and the increased 
volume of liquor in the tip helps to ensure a more accurate 
dispense. It is important to always have seeds and screen mixed 
before adding them to the protein.   

   10.    Modern synchrotron beam lines allow excellent data to be col-
lected from even relatively small crystals (10–50 μm). The size 
of crystal necessary for successful data collection will vary on a 
protein-by-protein basis. Home source X-ray systems require 
larger crystals (100–200 μm).   

   11.    The fi nal concentration of the  ligand   will depend upon its 
maximal solubility and the effective concentration for bind-
ing. As a rule-of-thumb we recommend using a fi nal concen-
tration 10–20 times the  K  m  or  K  i  value. If the binding affi nity 
is not known, use a molar ratio of at least 2:1  ligand  –protein 
or higher if it is a small molecule. For peptide  ligands   1–2 mM 
usually is suffi cient for co-crystallization, for small molecules 
use 0.5–1 mM. If feasible, we recommend adding an excess 
of  ligand   to overcome potential competition with any ions or 
buffer bound to the active site, particularly if crystal soaking 
is used.   

   12.    The concentration achievable for the complex may signifi cantly 
differ to that of the Apo protein.         
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    Chapter 11   

 NMR Spectroscopy to Study MAP Kinase Binding 
to MAP Kinase Phosphatases                     

     Wolfgang     Peti      and     Rebecca     Page     

  Abstract 

   NMR spectroscopy and other solution methods are increasingly being used to obtain novel insights into 
the mechanisms by which MAPK regulatory proteins bind and direct the activity of MAPKs. Here, we 
describe how interactions between the MAPK p38α and its regulatory proteins are studied using NMR 
spectroscopy, isothermal titration calorimetry, and small angle X-ray scattering (SAXS).  

  Key words     Mitogen activated protein kinase (MAPK)  ,   p38α  ,   Protein tyrosine phosphatases  ,   Dual 
specifi city phosphatase  ,   Protein–protein interaction  ,   Nuclear magnetic resonance (NMR) spectroscopy  , 
  Chemical shift perturbation (CSP)  ,   Isotopically labeled growth media  ,   D 2 O  ,   Isothermal titration 
calorimetry (ITC)  ,   Small angle X-ray scattering (SAXS)  

1      Introduction 

  Spatial and  temporal   regulation of mitogen activated protein 
kinases (MAPKs) is of essential importance for transducing envi-
ronmental and developmental signals (growth factors, stress) into 
adaptive and programmed responses (differentiation, infl amma-
tion, apoptosis) [ 1 ,  2 ]. Although MAPKs are ubiquitously 
expressed, their activation is fi nely tuned in a cell-type specifi c and 
temporal manner [ 3 ]. The regulators that achieve this fi ne-tuning 
include: (1) upstream kinases, (2) downstream phosphatases, and 
(3) scaffolding proteins [ 4 – 6 ]. Over the years, many groups using 
a variety of techniques have advanced the fi eld’s understanding of 
how the activities of MAPKs are fi nely controlled by MAPK regu-
latory proteins. Clearly, understanding how these proteins interact 
at a molecular level is also essential [ 7 – 15 ]. X-ray crystallography 
has provided key insights into the regulation of MAPKs by their 
interacting proteins by mostly determining structures of MAPKs 
bound to different peptides derived from interacting proteins [ 7 ]; 
e.g., for the MAPK  p38α   a single structure of a full-length interact-
ing  protein (MK2—a substrate that binds with a  K  d  of 20 nM) has 
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been determined [ 16 ]. Over the last ~10 years, biomolecular NMR 
spectroscopy has complemented and, more critically, expanded 
these efforts [ 17 – 22 ]. By doing so, it has become apparent that 
regulatory proteins adopt distinct conformations when bound to 
MAPKs and have different degrees of fl exibility upon complex for-
mation, which contributes to the observed differences in their bio-
logical functions. Here we review the use of biomolecular NMR 
spectroscopy and other biophysical techniques to study complexes 
between the MAPK  p38α   and its regulatory proteins (Table  1 ).

2       Materials 

 Prepare all solutions using ultrapure Water (Milli-Q water purifi ca-
tion system, Millipore). Chemicals should be at least ACS grade. 
Prepare and store reagents/solutions at temperatures and 

   Table 1  
   NMR   and SAXS studies of  p38α   with its regulatory proteins   

 MAPK complex  Tech  BMRB b   Reference 

  p38α  :MKK3b   NMR    6468  [ 8 ] 

  p38α a   :HePTP 15–31   NMR  17471/6468  [ 17 ] 

  p38α  :HePTP 15–56    NMR    17471/6468  [ 17 ] 

  p38α  :HePTP 15–339   NMR  17471/6468/15680  [ 17 ] 

  p38α  :STEP 214–229    NMR    17471/6468  [ 45 ] 

  p38α  :STEP 214–256   NMR  17471/6468  [ 45 ] 

  p38α  :STEP 214–539    NMR    17471/19046/6468  [ 45 ] 

  p38α  :PTPSL 332–348   NMR  17471/6468  [ 45 ] 

  p38α  :PTPSL 332–373   NMR  17471/6468  [ 45 ] 

  p38α  :PTPSL 332–655   NMR  17471/6468  [ 45 ] 

  p38α  :STEP/PTPSL chimera   NMR  17471/6468  [ 45 ] 

  p38α  :MKP5/DUSP10  NMR  17471/19330  [ 58 ] 

  pTpY  p38α c   :MBP 94–102   NMR  17940  [ 59 ] 

  p38α  :HePTP 15–339   SAXS  –  [ 17 ] 

  p38α  :STEP 214–539   SAXS  –  [ 45 ] 

  p38α  :PTPSL 332–655   SAXS  –  [ 45 ] 

  p38α  :STEP/PTPSL chimera   SAXS  –  [ 45 ] 

  p38α  :MKP5/DUSP10  SAXS  –  [ 58 ] 

   a 82 % of all expected resonances assigned 
  b BMRB references 6468 [ 21 ], 15680 [ 60 ], 17471 [ 17 ], 17940 [ 59 ] 
  c 56 % of all expected resonances assigned  
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conditions recommended by the manufacturer. Chemicals specifi c 
for NMR labeling, e.g., [ 13 C] D -glucose, [ 13 C] D -d 7 -glucose 
(1,2,3,4,5,6,6-d 7 ),  15 NH 4 Cl, D 2 O are typically purchased from 
Cambridge Isotope Laboratories (CIL) or Isotech (Sigma). 
Standard buffers are used for purifi cation; when necessary, buffers 
are autoclaved when prepared in order to prevent unwanted pro-
teolytic degradation. All buffers are stored at 4 °C and are fi ltered 
(0.22 μm PES fi lter, Millipore) prior to use. If possible uniform 
buffers should be used throughout all experiments. Furthermore, it 
is important to reduce the salt concentration and select the right 
buffer for NMR experiments as the sensitivity of cryoprobe signifi -
cantly decreases with increasing amounts of salt (thus it is also bet-
ter to use HEPES buffer than phosphate buffer) [ 23 ]. Buffers 
for ITC experiments must be degassed. NMR data analysis can be 
performed by a variety of software, including Cara (  http://cara.
nmr.ch    ), NMRVIEW [ 24 ], Sparky [ 25 ], and CCPN [ 26 ,  27 ].

    1.    M9 medium: Weigh 5.8 g Na 2 HPO 4  anhydrous, 3.0 g 
KH 2 PO 4 , and 0.5 g NaCl. Add water to a volume of 900 mL. 
Mix and adjust pH to 7.1–7.3 with HCl. Volume up to 1 L 
with water. Sterilize by fi ltration and store at 4 °C.   

   2.    Vitamin mix: BME mix (Sigma-Aldrich). Use directly for 
H 2 O- based medium. Lyophilize and resuspend in D 2 O for 
D 2 O- based medium.   

   3.    Solution Q: In a fi nal volume of 1 L of water, add 8 mL 5 M 
HCl ( see   Note    1  ), 5 g FeCl 2 ·4H 2 O, 184 mg CaCl 2 ·2H 2 O, 
64 mg H 3 BO 3 , 18 mg CoCl 2 ·6H 2 O, 4 mg CuCl 2 ·2H 2 O, 
340 mg ZnCl 2 , and 40 mg Na 2 MoO 4 ·2H 2 O. Mix thoroughly. 
Aliquot into 2 mL Eppendorf tubes, freeze and store at −20 °C.   

   4.    Glucose: Use [ 12 C] D -glucose for unlabeled protein expression; 
[ 13 C] D -glucose for  13 C labeled protein expression; [ 13 C] D - d 7 - 
glucose (1,2,3,4,5,6,6-d 7 ) for fully deuterated protein 
expression.   

   5.    Ammonium chloride: Use NH 4 Cl for unlabeled protein 
expression and  15 NH 4 Cl for NMR-active protein expression.   

   6.    Preparation of medium: All plastic ware must be autoclaved 
before use; for large-scale expression we prefer Ultra-Yield 2 L 
expression fl asks (six-times baffl ed for high aeration; Thomson 
Instrument Company); 250 mL of media for each Ultra-Yield 
2 L expression fl ask [ 28 ].   

   7.    NMR tubes: Different NMR tubes are available for measure-
ments which differ both in diameter (1, 1.7, 3, and 5 mm [out-
dated: 8 and 10 mm]; 5 mm is the size most commonly used) 
and shape (distinct shapes can partially compensate the reduced 
sensitivity of high salt samples in cryo-probes). Shigemi has 
developed a set of tubes that use solvent-susceptibility matched 
glass and thus allows for lower sample volumes (~40 %  reduction  ), 
with similar tubes are also available from New Era Scientifi c.    

NMR Spectroscopy to Study MAP Kinase Binding to MAP Kinase Phosphatases
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3      Methods 

    p38α   and its regulatory proteins are large proteins (≥35 kDa) for 
biomolecular NMR spectroscopy [ 29 ,  30 ]. In order to analyze pro-
teins using NMR spectroscopy, they must be uniformly labeled with 
NMR-active nuclei. NMR-active nuclei have a nuclear spin, prefer-
ably with a spin number of ½ ( 1 H,  13 C and  15 N nuclei have spin 
numbers of ½). Labeling is achieved by providing labeled precursors 
(e.g., [ 13 C]- D -glucose,  15 NH 4 Cl) during protein expression in a vari-
ety of expression systems, including  Escherichia coli  ( E. coli ) [ 28 ], 
 yeast   [ 31 ], insect cell [ 32 ], and human expression systems [ 33 ]. 

 However, in order to overcome the broad line-widths that are 
characteristic of proteins ≥35 kDa, MAPKs must be expressed in 
D 2 O-based medium and TROSY [ 34 ] versions of all 2D and 3D 
experiments must be recorded using a high-fi eld NMR spectrom-
eter (800–1000 MHz  1 H Larmor frequency) [ 35 ]. Deuteration 
reduces the dipole–dipole  1 H– 1 H relaxation, as deuterium has a 
~7-fold lower gyromagnetic ratio than protons [ 36 ]. However, as 
most NMR experiments rely on the excitation and detection of  1 H 
(largest gyromagnetic ratio; 99.9 % natural abundance), deutera-
tion limits the available experimental approaches for such proteins. 
Most  1 H N  will rapidly back-exchange during protein purifi cation in 
H 2 O-based buffers. However, H/D exchange can be slow in 
β-sheets and in hydrophobic pockets where access of water or 
strong hydrogen bonds can signifi cantly limit the exchange rates. 
If possible, protein refolding either by chemicals or pressure in 
H 2 O-based buffers can be helpful; however, refolding of larger 
signaling enzymes, such as  p38α   or tyrosine phosphatases, is not 
readily achievable. For many years expression of deuterated pro-
teins was limited to the  E. coli  expression system, but recently it has 
become economically feasible to express  2 H-labeled proteins in 
insect cells [ 37 ]. To achieve the necessary high expression yields, 
 E. coli  cells must be adapted for growth in D 2 O-based medium. 

       1.      Transform  the    expression   plasmid into the appropriate  E. coli  
expression cell line ( see   Notes    2   and   3  ).   

   2.    Screen multiple (three to fi ve) colonies for robust expression 
using a small scale growth and induction (i.e., β- D -1- 
thiogalactopyranoside [IPTG]) in Luria broth (LB) medium 
(3–5 mL). Allow expression to proceed for 2 h at 37 °C and 
evaluate the expression levels of the different colonies using 
sodium dodecyl sulfate polyacrylamide gel electrophoresis 
(SDS-PAGE) and Coomassie staining.      

           1.    20 μL of uninduced LB growth is transferred into 3 mL of 
freshly prepared 0 % D 2 O medium and grown for ~12–15 h 
(37 °C; 250 rpm shaking).   

3.1  Production 
of  p38α   and 
Regulatory Protein 
Tyrosine Phosphatases 
for NMR Studies

3.1.1  Fresh 
Transformation and Colony 
Expression Screening

3.1.2  D 2 O Adaption ( see  
Table  2  and Fig.  1 )
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   2.    50 μL of the 0 % D 2 O culture is added to 3 mL of 30 % D 2 O 
and grown for ~12–15 h (37 °C; 250 rpm shaking).   

   3.    50 μL of the 30 % D 2 O culture is added to 3 mL of 50 % D 2 O 
and grown for ~12–15 h (37 °C; 250 rpm shaking).   

   Table 2  
  D 2 O adaption   

 0 % D 2 O 
(10 mL) 

 30 % D 2 O 
(10 mL) 

 50 % D 2 O 
(10 mL) 

 70 % D 2 O 
(10 mL) 

 100 % D 2 O 
(10 mL) 

 D 2 O  –  3 mL  5 mL  7 mL  8.84 mL 

 H 2 O  8.84 mL  5.84 mL  3.84 mL  1.84 mL  – 

 10× M9  1 mL  1 mL  1 mL  1 mL  1 mL 

 1 M MgSO 4   20 μL  20 μL  20 μL  20 μL  20 μL 

 Vitamins  100 μL  100 μL  100 μL  100 μL  100 μL 

 Solution Q  20 μL  20 μL  20 μL  20 μL  20 μL 

 Glucose  40 mg  40 mg  40 mg  40 mg  40 mg 

 NH 4 Cl  10 mg  10 mg  10 mg  10 mg  10 mg 

 Antibiotic  10 μL  10 μL  10 μL  10 μL  10 μL 

  Fig. 1    Schematic of the D 2 O adaption protocol. See text for details       
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   4.    100 μL of the 50 % D 2 O culture is added to 3 mL of 70 % D 2 O 
and grown for ~12–15 h (37 °C; 250 rpm shaking).   

   5.    500–2000 μL (depending on protein) of the 70 % D 2 O culture 
is added to 100 mL of 100 % D 2 O medium in a 500 mL Ultra- 
Yield expression fl ask ( see   Notes    4   and   5  ) and grown for ~12–15 h 
(37 °C; 250 rpm shaking).        

   25 mL of the 100 % D 2 O culture is added to 225 mL of 100 % D 2 O 
medium in a 2 L Ultra-Yield fl ask and the cells grown to OD 600  of 
~0.6–0.8 (37 °C; 250 rpm shaking with the appropriate antibi-
otics). Cells are induced using the appropriate induction agent 
(i.e., IPTG) and then expressed at appropriate temperature (e.g., 
18 °C; 18–20 h, 250 rpm shaking for  p38α   [ see   Note    6  ]). Large 
scale expression of [ 2 H, 15 N]- p38α   is done in M9 medium supple-
mented with  15 NH 4 Cl (1 g per 1 L medium) in 99.8 % D 2 O, and 
[ 2 H, 13 C, 15 N]- p38α   is expressed in M9 medium supplemented with 
 15 NH 4 Cl (1 g per 1 L medium) and [ 13 C] D -d7-glucose (4 g per 
1 L medium) in 99.8 % D 2 O.  

   D 2 O can be readily recycled and reused with a slightly (~10–15 %) 
lower degree of deuteration, which is done in many laboratories.

    1.    Following the pelleting of the cell mass after the large-scale 
D 2 O expression, the supernatant is collected and stored (RT or 
−20 °C;  see   Note    7  ).   

   2.    Used D 2 O is distilled in a standard glass apparatus, with a con-
trolled heating mantle and a 4 L distillation fl ask with two 
inlets ( see   Note    8  ). Aluminum foil is used to lower the boiling 
 temperature. Regular boiling stones are used to ensure to 
ensure uniform boiling.   

   3.    During distillation, the distillation fl ask will accumulate debris. 
Used D 2 O is added to the fl ask until 20–40 L has been dis-
tilled. At this point the fl ask is either cleaned or replaced.   

   4.    Distilled D 2 O is perfectly clear; however, it has nasty ammonia- 
like smell. To make the distilled D 2 O suitable for culturing 
bacteria ( E. coli  will not grow on the freshly distilled, but nasty 
smelling D 2 O), the distilled D 2 O must be treated with ~20 g 
of acid-washed activated charcoal (Sigma) per 1 L of distilled 
D 2 O under vigorous stirring for 12–24 h. The activated carbon 
is removed by fi ltering through a Buchner fi lter.   

   5.    If necessary, the recycled D 2 O can be fi ltered through a 2 μm 
bottle-top fi lter to remove any remaining debris/charcoal. 
At this point, the D 2 O is completely clear and does not have 
any detectable odor. The recycled D 2 O can then be used identi-
cally to fresh D 2 O.  Mass spectrometry   will confi rm a lower rate 
of deuteration (~85 %) ( see   Note    9  ).    

3.1.3  D 2 O Large Scale 
Expression

3.1.4  D 2 O Recycling
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       Rapid  assessment   of a protein–protein interaction can be achieved 
using  size exclusion chromatography (SEC)   by simply comparing 
the retention volume (or time) of the free and complex samples. 
 SEC   media varies widely in quality and size, leading to different 
numbers of theoretical plates and thus resolution. For protein 
studies, Superdex or Sephacryl (GE Healthcare) are the most com-
monly used media due to their high inertness to nonspecifi c 
 interactions and their excellent separation capabilities. An earlier 
eluting peak indicates a higher molecular weight complex and can 
be readily compared with the  SEC   of the individual components 
(proteins). The best readout is SDS-PAGE, where both proteins 
should be present throughout the peak with similar intensities. In 
order to measure a full thermodynamic profi le of a protein–protein 
interaction, isothermal titration calorimetry is the best method. Its 
drawback is the need for rather high amounts of protein. Malvern 
(VP-ITC and ITC 200 ) and TA Instruments (nano-ITC) are the 
main manufacturers of these instruments.

    1.    All ITC experiments should be performed at the same 
temperature.   

   2.    All proteins and/or peptides must be in the identical buffer 
( see   Note    10  ).   

   3.    All proteins should be purifi ed using  SEC   (e.g., Superdex 75 
26/60; GE Healthcare) immediately prior to the 
experiment.   

   4.    To carry out the ITC experiment, titrant (10 μL per injection) 
is injected into the sample cell over a period of 20 s with a 250 s 
interval between titrations to allow for complete equilibration 
and baseline recovery. About 28 injections are delivered dur-
ing each experiment (example given for a VP-ITC system), 
and the solution in the sample cell is stirred at 307 rpm to 
ensure rapid mixing.   

   5.    Data analysis, Origin: A nonlinear least-squares algorithm and 
the titrant and sample cell concentrations are used to fi t the inte-
grated heat per injection to an equilibrium binding equation, 
providing values of the stoichiometry ( n ), change in enthalpy 
(Δ H ) and the binding constant ( K ). Subsequently, Δ G  and Δ S  
are readily calculated. Data are most commonly analyzed with 
a one-site binding model assuming a binding stoichiometry of 
1:1. Typically, Origin 7.0 software with a specifi c ITC module is 
used for data evaluation.   

   6.    Data analysis, NITPIC [ 38 ] and SEDPHAT [ 39 ]: NITPIC is 
a stand-alone program that is used to integrate ITC data from 
a variety of instruments and prepare the data for analysis using 
SEDPHAT, a program designed to analyze multiple datasets 
from different biophysical methods, including ITC.    

3.2  Interaction 
with Kinase 
Interaction Motif 
Protein Tyrosine 
Phosphatases 
(KIM-PTPs) and MAPK 
Protein Tyrosine 
Phosphatases
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      NMR spectroscopy is one of the best techniques to measure inter-
actions (e.g., protein–protein, protein–peptide, protein–DNA, 
protein–RNA, protein–inhibitor [small molecule], and any varia-
tion thereof) at a variety of binding strengths; it is especially well 
suited to detect weak and even very weak interactions (μM–mM). 

       1.    Identifi cation of the optimal sample buffer: Perform a high- 
throughput buffer screen to identify the buffer, pH, and salt 
concentration at which the protein is most stable ( see   Notes    11   
and   12  ).   

   2.    Identifi cation of the optimal temperature for NMR measure-
ments: The faster a protein tumbles in solution, the shorter its 
overall correlation time ( τ  c ) and the better the spectral quality 
due to longer transverse relation times ( R  2 ). Thus, once the 
optimal buffer has been identifi ed, determine the melting tem-
perature of the protein and set the measurement temperature 
at ~30 °C below the melting temperature ( see   Note    13  ).   

   3.    A small amount of D 2 O must be added to the sample (1–10 % 
depending on the spectrometer and probe used ( see   Note    14  ).      

       1.    Sequence specifi c backbone assignment: 2D [ 1 H, 15 N]-TROSY, 
3D HNCA [ 40 ], 3D HNCACB, 3D HN(CO)CA, 3D HN(CO)
CACB, 3D HNCO, 3D HN(CA)CO, and a 3D  15 N-edited 
[ 1 H, 1 H] NOESY spectrum are the most common NMR spectra 
used to achieve the sequence-specifi c backbone assignment for a 
protein ( see   Notes    15   and   16  ).   

   2.    Verifi cation of assignment accuracy, single amino acid labeling: 
Due to the significantly reduced number of experiments 
( see   Note    15  ) and the potential reduced completion percent-
age of the sequence-specifi c backbone assignment in large pro-
teins due to, for example, the lack of H/D back-exchange, it is 
critical to verify the accuracy of the assignment. One of the 
primary methods by which this is achieved is by using single 
amino acid labeled samples (see examples in [ 41 ,  42 ]), which 
can be rapidly produced for  15 N-Phe,  15 N-Ile,  15 N-Leu, and 
 15 N-Tyr. Here it is best to use a specially prepared medium that 
has all amino acids in unlabeled form except for the ones that 
should be labeled, which are added as  15 N-labeled amino acids. 
As these samples are produced using H 2 O and not D 2 O, 
sequence- specifi c backbone assignment problems arising from 
D 2 O/H 2 O back-exchange can be assayed.   

   3.    Verifi cation of assignment accuracy, CSPs: The sequence- 
specifi c backbone assignment can be further verifi ed using 
ligand and/or inhibitor binding. Here, only residues known to 
interact with the ligand/inhibitor should show signifi cant 
chemical shift perturbations (CSP) [ 43 ]. For example, we used 
C3′-(2,2,5,5-tetramethyl-3-pyrroline-1-oxyl-3-carboxylic acid 

3.3  NMR 
Spectroscopy

3.3.1  NMR Sample 
Preparation

3.3.2  NMR Experiments, 
Sequence Specifi c 
Backbone Assignment
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ester) adenosine triphosphate (SL- ATP  , a generous gift from 
Dr. Pia Vogel, Southern Methodist University) [ 44 ] to verify 
the assignment of  p38α  . AMP-PNP and/or specifi c  p38α 
  inhibitors can be used to test for CSP changes. This allows for 
the rapid detection of potentially mis-assigned residues.   

   4.    Data deposition: All NMR chemical shift information must be 
deposited in the BioMagResBank (  www.bmrb.wisc.edu    ;  p38α 
  accession number is 17471) so it can be downloaded and used 
by other research scientists for additional analysis and/or for 
the design of novel experiments.      

       1.     Identifi cation of  residues   that mediate a protein–protein inter-
action: The formation of a protein–protein complex infl uences 
the local environment of chemical shifts, which can be readily 
measured using a concentration dependent recording of a 
series of 2D [ 1 H, 15 N] HSQC spectra [ 43 ]. Specifi cally, one 
protein is  15 N-labeled (NMR-active) and the second protein is 
un-labeled (NMR-inactive). The bound, unlabeled protein 
will change the local environment of the amino acids that 
mediate binding, which can be readily detected in the NMR 
spectrum.   

   2.    Measuring the  K  d  of the interaction: A concentration- 
dependent measurement is used to determine an amino acid 
specifi c  K  d . Protein–protein binding events typically lead to a 
concentration dependent linear change in the chemical shift 
value. If a deviation from this linear change is detected, this 
means an additional conformational change is occurring 
during the binding event ( see   Note    17  ).   

   3.    Reverse titrations: A reverse titration can be performed in which 
the previous unlabeled protein is now NMR active, while the 
previous NMR-active protein is now unlabeled. In this way, the 
complementary binding site can be determined.   

   4.    NMR spectroscopy has a size limit; however, these CSP studies 
can be performed even with very high molecular weight pro-
teins (depending on the labeling scheme up to 1 MDa). A fur-
ther advantage of this technique is the ability to use peptides and 
full length proteins, which allows, for example, a small part of an 
interaction to be tested via a peptide [ 17 ,  45 ].        

   NMR spectroscopy has a limited set of experiments for measuring 
long-distance interactions. Nuclear Overhauser Effect (nOe) mea-
surements ( 1 H– 1 H dipole–dipole) are limited to ~5–6 Å (depend-
ing on labeling and the size of the  B  0  fi eld used for the measurements; 
NOE scales with  B  0  3/2 ) [ 46 ]. Paramagnetic spin relaxation mea-
surements ( 1 H–e −  dipole–dipole) allow for the measurements of 
longer distances (up to ~20 Å), but require routine modifi cation 
of the protein (e.g., covalently attached via a cysteine or a 

3.3.3  NMR Experiments, 
Protein–Protein 
Interactions

3.4  Global Structures
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N/C- terminal residue) using a paramagnetic spin label (most 
commonly used spin-label is (1-Oxyl-2,2,5,5-tetramethylpyrroline-
3-methyl)methanethiosulfonate [MTSL]) [ 47 ]. As the relaxation 
effects depend on the internal dynamics of the spin label as well as 
the proteins themselves, all quantitative distance interpretation of 
spin- label data must be performed with great care. Other possibili-
ties to defi ne tertiary and quaternary structures are the use of resid-
ual dipolar couplings (RDCs) [ 48 ]. Rapid isotropic overall 
tumbling of the proteins in solution usually cancels out dipolar 
couplings. However, introducing a slight preferred alignment rela-
tive to the external fi eld, e.g., through changes in the solution 
environment or high magnetic fi eld strengths, restores a portion of 
these couplings. The measurement of these RDC data makes it 
possible to derive the orientation of a large number of local NH 
vectors in relationship to the overall alignment tensor, and thus can 
defi ne the relative orientation of distant parts of for example a 
multi- domain protein. 

 Another method to obtain long-distance information is the 
incorporation of overall distance and shape constrains from inde-
pendent small angle X-ray scattering measurements (SAXS; this 
method reports on the isotropic scattering of X-ray photons on 
proteins in solution, which enables the measurements of the radius 
of gyration ( R  g ) among other parameters;  see  ref.  49  for a review). 
For example, to determine the structure of  p38α   in complex with 
 HePTP  , multiple experiments were performed. X-ray crystallogra-
phy and NMR spectroscopy were used to achieve a high resolution 
local structure while SAXS allowed for the description of the global 
structure [ 17 ]. In recent years, a variety of computational methods 
have been introduced that allow data from multiple techniques to 
be optimally combined in order to determine the structure and/or 
the ensemble of structures that best fi t the experimental results 
(HADDOCK [ 50 ,  51 ], EROS [ 18 ,  52 ], EROS-NMR [ 17 ], among 
other software [ 53 ]). 

 SAXS measurements can be performed either at a home source 
or at a synchrotron. Here we summarize steps we routinely 
perform when measuring this data.

    1.    Obtaining non-aggregated samples: SAXS is exceptionally sensi-
tive to  aggregation  , as soluble aggregates, even if they represent 
less than 1 % of the sample, are signifi cantly larger and thus will 
have a major impact on the overall measured scattering. Thus, it 
is optimal to prepare the protein sample immediately (or as 
shortly as possible before) the SAXS measurements; to facilitate 
optimal sample preparation, some synchrotron beamlines offer 
in-line  SEC   purifi cation prior to SAXS measurements. For some 
samples, it is possible to fi lter aggregates prior to measurement. 
For this, 0.02 μm syringe fi lters (GE Healthcare Anotop 10) 
are suitable ( see   Note    10  ).   

Wolfgang Peti and Rebecca Page
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   2.    Sample concentration: The optimal concentration for SAXS 
measurements depends on the X-ray source, the size and 
assembly of the cell (fl ow-through or static), among other 
parameters. For example, on our home source (BioSAXS, 
FRE+ anode, Rigaku), we measure samples at concentrations 
as low as 1.5 mg/mL. Typically, we initiate our measurements 
using samples with the lowest concentration possible. We then 
concentrate the sample and re-collect the SAXS data from the 
sample at as high of concentration as can be achieved before 
 aggregation   is detected (sometimes this can be as high as 
30 mg/mL).   

   3.     Aggregation   detection: Some samples are not amenable to 
SAXS measurements as they exhibit  aggregation   even at low 
concentrations.  Aggregation   is readily detected by observing a 
concentration dependent change in the  R  g  as well as a change 
in the  I / c  0  plot. In general, all experimental SAXS curves 
should be parallel at multiple concentrations; discrepancies are 
a clear indication of  aggregation  .   

   4.    Radiation damage: Exposure to high energy photons can 
induce radiation damage. This is less of an issue at home 
sources, but can occur when using synchrotron radiation. 
Here, the use of fl ow cells can alleviate the problem [ 54 ].   

   5.    SAXS data analysis: Numerous software packages are available 
to analyze SAXS data, with the two most widely used being 
ATSAS [ 55 ] and SCATTER, both of which also allow for the 
calculation of 3D envelops from the data; this calculations are 
usually performed with the highest signal/noise dataset 
 (commonly highest measured concentration). This can also be 
done using Fast-SAXS-pro [ 56 ].       

4                       Notes 

     1.    Warning: HCl must be diluted into H 2 O or D 2 O; do not add 
directly to metals.   

   2.    For  p38α   expression, we use BL21 (DE3) RIL cells (Agilent) 
to overcome rare codon usage bias in  E. coli .   

   3.    A fresh  transformation   is essential for high yield expression of 
deuterated proteins.   

   4.    500 mL is the minimum fl ask volume to ensure suffi cient cul-
ture aeration.   

   5.    Generally, after the overnight growth step with 70 % D 2 O- 
based medium, the 1 L of D 2 O-based medium is prepared 
with 100 mL distributed in a 500 mL Ultra-yield fl ask and 
the remaining 900 mL distributed equally into four 2 L 
Ultra- yield fl asks.   
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   6.    For proteins that are expressed at 18 °C, cultures must be 
cooled to 18 °C prior to induction.   

   7.    One typically waits until ~10–20 L of used D 2 O have accumu-
lated before initiating D 2 O recycling.   

   8.    Flasks with two inlets are optimal because they can be readily 
refi lled.   

   9.    We routinely recycle D 2 O twice. The doubly recycled D 2 O is 
only used for test expression, initial protein characterization 
and protein–protein interaction studies and sequence specifi c 
backbone assignment experiments.   

   10.    Typically, we prepare 4–8 L of the appropriate ITC buffer that 
is then used for all subsequent experiments in order eliminate 
any heat of dilution from a buffer mismatch. The same approach 
is used for SAXS measurements, where accurate buffer subtrac-
tion is equally important.   

   11.    We use the high-throughput thermofl uor assay to identify 
optimal buffers for NMR samples [ 57 ].   

   12.    Modern NMR spectrometers are most commonly equipped 
with cryogenically cooled NMR probes. Here, cold (~20 K) 
helium gas is used to cool the coil and the built-in signal pream-
plifi er of the probe, which reduces thermal noise and increases 
the signal-to-noise ratio by an factor of 3–4. Because cryoprobes 
are very sensitive to salt concentrations, samples with lower ionic 
strength (≤50 mM) are preferred. In addition, HEPES should 
be preferably used  over   phosphatase buffers.   

   13.    We determine the melting temperature by following the transi-
tion of the 222 nM circular dichroism [CD] signal during 
heating from 25 to 90 °C.   

   14.    The deuterium NMR signal (nuclear spin = 1) is used as an 
internal reference and allows for rapid compensation for 
changes of the magnetic fi eld due to environmental changes 
(cars on nearby roads, etc.) or the stability of the superconduc-
tive magnet.   

   15.    Due to their large gyromagnetic ratio, protons (42.58 MHz/T; 
ratio of magnetic dipole moment/angular momentum of pro-
ton) are most commonly used for excitation and detection of 
NMR experiments. Thus, in fully deuterated samples, where 
the only H 2 O exchangeable protons are available for excitation 
and detection (specifi cally  1 H N ), the number of useable NMR 
experiments are signifi cantly reduced.   

   16.    The sequence-specifi c backbone assignment allows for the 
identifi cation (assignment) of each peak in an NMR spectrum 
specifi cally to its amino acid and atom in the protein under 
investigation. It is based on probability matching of measured 
chemical shifts—thus, the more the data points, the higher the 
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likelihood of a correct assignment. As a consequence, the 
higher the completion percentage of the sequence-specifi c 
backbone assignment is, the smaller the chance of errors in the 
sequence-specifi c backbone assignment.   

   17.    Depending on the  K  d , the interaction will be in the fast, inter-
mediate or slow exchange regime. A fast and slow exchange 
regime titration can be most readily analyzed. In the fast 
exchange regime, the switching between chemical states is so 
rapid that one average chemical shift is reported and thus the 
change can be fully traced ( K  d  μM range). Here the experi-
menter needs to use ratios of 1:1, 1:2, 1:3, and higher until full 
saturation is achieved, i.e., until the peaks do not shift further 
upon the addition of more protein. An interaction in the slow 
exchange regime will lead to two peaks, whose intensities 
refl ect their populations. An interaction in the intermediate 
exchange regime often leads to a broadening of the peaks 
beyond detectability. Here titration ratios of 1:0.1, 1:0.25, 
1:0.5, etc. can be useful to be able to trace changes.          
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    Chapter 12   

 Visualizing and Quantitating the Spatiotemporal 
Regulation of Ras/ERK Signaling by Dual-Specifi city 
Mitogen-Activated Protein Phosphatases (MKPs)                     

     Christopher     J.     Caunt    ,     Andrew     M.     Kidger    , and     Stephen     M.     Keyse      

  Abstract 

   The spatiotemporal regulation of the Ras/ERK pathway is critical in determining the physiological and 
pathophysiological outcome of signaling. Dual-specifi city mitogen-activated protein kinase (MAPK) phos-
phatases (DUSPs or MKPs) are key regulators of pathway activity and may also localize ERK to distinct 
subcellular locations. Here we present methods largely based on the use of high content microscopy to 
both visualize and quantitate the subcellular distribution of activated ( p -ERK) and total ERK in popula-
tions of mouse embryonic fi broblasts derived from mice lacking DUSP5, a nuclear ERK-specifi c MKP. Such 
methods in combination with rescue experiments using adenoviral vectors encoding wild-type and mutant 
forms of DUSP5 have allowed us to visualize specifi c defects in ERK regulation in these cells thus confi rm-
ing the role of this phosphatase as both a nuclear regulator of ERK activity and localization.  

  Key words     DUSP5  ,   Ras/ERK signaling  ,   Spatiotemporal regulation  ,   High-content microscopy  , 
  Adenoviral expression  

1      Introduction 

   The  core   Ras/ extracellular   signal-regulated kinase (ERK) mitogen- 
activated protein kinase (MAPK)    signaling pathway comprises a 
three-component module in which a member of the Raf family of 
 MAPK   kinase kinases (MKKKs or MEKKs) phosphorylates and 
activates a  MAPK   kinase (MKK or MEK). The latter is a dual- 
specifi city (Thr/Tyr) protein kinase, which phosphorylates both 
residues within the conserved T-X-Y activation loop motif to acti-
vate ERK1 and ERK2 [ 1 ]. This pathway mediates a wide variety of 
physiological outcomes in response to extracellular stimuli. These 
include cell  proliferation  , differentiation,  transformation  , migra-
tion, and survival [ 2 – 4 ]. In addition, Ras/ MAPK   signaling is fre-
quently deregulated in human cancers, often due to activating 
mutations in upstream pathway components such as  receptor tyro-
sine kinases (RTKs)  , the Ras family of small GTPases, the Braf 
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 MAPK   kinase kinase, and  MAPK   kinases [ 5 ]. Thus, Ras/ERK sig-
naling components are a major focus of anticancer drug develop-
ment with a range of  small molecule inhibitors   of  RTKs  , Braf and 
MEK either in development or clinical use [ 6 ,  7 ]. 

 The diversity of physiological outputs of Ras/ERK signal-
ing is due to the coordinated  phosphorylation   of a wide range of 
cellular ERK substrates. These include transcription factors, pro-
tein kinases, metabolic enzymes, and cytoskeletal proteins [ 8 ,  9 ]. 
Clearly, because these substrates either reside in or are associated 
with distinct subcellular compartments, the spatial as well as the 
temporal control of Ras/ERK signaling is a critical determinant of 
biological outcome. This may explain, at least in part, why ERK 
activation can result in quite different endpoints within the same 
cell type. A good example of the latter is the ability of nerve growth 
factor (NGF) to cause sustained activation and nuclear localization 
of ERK in rat PC12 cells leading to differentiation and  neurite   out-
growth, while exposure to epidermal growth factor (EGF) instead 
results in transient ERK activation and drives cell  proliferation   [ 10 ]. 

 Exactly how the spatial organization of the Ras/ERK pathway 
is regulated is still unclear and likely to be complex. Various mecha-
nisms have been proposed to underpin the growth factor-induced 
nuclear translocation of ERK itself, including activation-dependent 
dimerization, active/passive transport and the  phosphorylation   of 
additional regulatory sites on ERK that promote its association 
with importin7 [ 11 ]. In addition, it is clear that a diverse array of 
proteins can act as ERK binding partners and retain ERKs in spe-
cifi c subcellular locations. The latter include MKK/MEK, scaffold 
proteins such as β-arrestin and kinase suppressor of Ras (KSR), 
phosphoprotein enriched in astrocytes-15 (PEA-15), and cytoskel-
etal elements such as microtubule and actin fi laments [ 12 ]. One 
class of ERK regulatory proteins that clearly plays a role in control-
ling both the activity and localization of ERK1 and ERK2 are the 
dual-specifi city  MAPK    phosphatases   ( DUSPs   or MKPs) exempli-
fi ed by  DUSP5   and  DUSP6  /MKP-3 [ 13 ]. 

  DUSP6  /MKP-3 is a cytoplasmic ERK-specifi c MKP that binds 
tightly to the common  docking   (CD) domain of ERKs via a kinase 
interaction domain (KIM) located within the amino-terminal non- 
catalytic domain of the protein [ 14 – 16 ]. The latter domain also 
carries a functional leucine-rich nuclear export signal (NES), which 
mediates the cytoplasmic localization of the protein [ 17 ]. DUSP6/
MKP-3 is a transcriptional target of ERK itself and acts as a nega-
tive feedback regulator of pathway activity [ 18 ]. Once induced in 
response to ERK activation,  DUSP6  /MKP-3 would be expected to 
bind to, dephosphorylate, and retain ERK in the cytoplasm. Indeed, 
 overexpression   experiments have confi rmed the ability of  DUSP6  /
MKP-3 to act in this way to anchor ERKs in the cytosol: this anchor-
ing function requires both a functional KIM and NES within the 
 DUSP6  /MKP-3 protein [ 17 ,  19 ]. In contrast to  DUSP6  /MKP-3, 
 DUSP5   is an inducible nuclear ERK-specifi c MKP, which is also 

Christopher J. Caunt 



199

transcriptionally regulated by ERK signaling and has been proposed 
to act as a nuclear anchor for ERK [ 20 ,  21 ]. Again,  overexpression   
experiments confi rm the ability of  DUSP5   to anchor inactive ERK 
within the cell nucleus and this is also dependent on the integrity 
of both the KIM and a nuclear localization signal (NLS) located 
within the amino terminal domain of  DUSP5   [ 20 ]. 

 In order to study the precise role of  DUSP5   in regulating ERK 
activation and function, we recently generated mice in which the 
 DUSP5   gene was deleted. These animals and cells derived from 
them were then used to ask two key questions about the role of 
 DUSP5  . Firstly, is ERK signaling deregulated in the absence of 
 DUSP5  , if so how does this affect the distribution of ERK/
phospho- ERK and what biological endpoints are affected? 
Secondly, does  DUSP5   play a role in modulating the oncogenic 
potential of mutant Ras  oncogenes   in vivo? To address the latter, 
we used the DMBA/TPA model of skin carcinogenesis and found 
that loss of one or both copies of  DUSP5   greatly sensitized mice to 
the development of skin papillomas. At the cellular level, we were 
able to show that loss of  DUSP5   caused increased levels of nuclear 
phospho-ERK and gene expression studies identifi ed a small cohort 
of ERK-dependent transcripts that were upregulated in cell lacking 
 DUSP5  . Prominent amongst the latter was serpinB2, a  protease 
inhibitor   previously linked to susceptibility to DMBA/TPA- 
induced carcinogenesis. Surprisingly, deletion of serpinB2 com-
pletely reversed the sensitivity of mice lacking  DUSP5   to DMBA/
TPA indicating that  DUSP5   acts as a  tumor suppressor   in this 
model by regulating nuclear ERK signaling and suppressing the 
ERK-dependent expression of serpinB2 [ 22 ]. 

 In order to study the precise spatiotemporal regulation of ERK 
activation in murine cells lacking  DUSP5  , we made extensive use 
of quantitative  high-content microscopy   to detect the subcellular 
distribution of endogenous total ERK and phosphorylated, acti-
vated ERK over time, either after stimulation with phorbol ester or 
expression of mutant Hras. This technique uses automated fl uores-
cence microscopy to analyze thousands of individual cells per con-
dition, thus allowing an accurate quantitation of the spatiotemporal 
regulation of ERK activation in cell populations [ 23 ]. To link this 
regulation to the biochemical activities and ERK-binding proper-
ties of  DUSP5   itself, we also employed adenoviral vectors express-
ing  either   wild-type or mutant forms of  DUSP5   under the control 
of the early growth response-1 (EGR-1) promoter. This allowed us 
to perform rescue experiments in which ERK-dependent  DUSP5 
  expression was recapitulated in  DUSP5   knockout cells at 
 physiologically relevant levels. This differs from previous 
approaches, principally utilizing  DUSP5    overexpression   under the 
control of constitutive promoters whose activity is divorced from 
ERK regulation, which do not reveal the same dynamic functions 
of  DUSP5   as a feedback regulator. These techniques, together 
with more conventional biochemical fractionation methods to 
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study the distribution of activated ERK are described in detail 
below and should be broadly applicable to the study of other MKPs 
which act to regulate ERK signaling such as DUSP1/MKP-2, 
DUSP2,  DUSP4  /MKP-2, and  DUSP6  /MKP-3.  

2    Materials 

       1.      Primary   mouse embryo fi broblasts (MEFs) ( see   Note    1  ).   
   2.    Dulbecco’s Modifi ed Eagle’s Medium (DMEM) with 

GlutaMAX supplement, pyruvate, and 4.5 g/l  D +glucose 
(Invitrogen).   

   3.    Clear bottomed, black-walled 96-well plates (Corning Costar 
plate 3904).   

   4.    Fetal bovine serum (FBS).   
   5.    Trypsin (0.25 %) and ethylenediamine tetraacetic acid (EDTA) 

mix dissolved in  phosphate   buffered saline (PBS).   
   6.    PBS: 137 mM NaCl, 2.7 mM KCl, 4.3 mM Na 2 HPO 4 , and 

1.47 mM KH 2 PO 4 , pH 7.4.   
   7.    Tetra-decanoyl phorbol acetate (TPA) is stored in dimethyl 

sulfoxide (DMSO) in single use aliquots at −20 °C. Working 
stock is prepared by dilution in PBS.       

       1.    Human embryonic kidney (HEK)293 cells ( see   Note    2  ).   
   2.    Dulbecco’s Modifi ed Eagle’s Medium (DMEM) with GlutaMAX 

supplement, pyruvate, and 4.5 g/l  D + glucose (Invitrogen).   
   3.    Fetal bovine serum (FBS).   
   4.    PacI restriction enzyme and ‘Cutsmart’ enzyme buffer (New 

England Biolabs) for digestion of Adenoviral backbone and 
shuttle vectors.   

   5.    2× HBS solution for  calcium   phosphate  transfection  : rinse a 
clean bottle 5× with ddH 2 O, to remove residual detergent, then 
make up 280 mM NaCl, 10 mM KCl, 1.5 mM Na 2 HPO 4 ·12H 2 O, 
12 mM  D + glucose, 50 mM HEPES buffer. pH to 7.05 and fi l-
ter through 0.22 μm syringe-driven fi lter into sterile 50 ml 
Falcon tubes. Store in 20–50 ml aliquots at −20 °C.   

   6.    2 M CaCl 2  for  calcium   phosphate  transfection  : make up and 
fi lter through 0.22 μm syringe-driven fi lter. Store in 5 ml ali-
quots at −20 °C.   

   7.    100 mM Tris–HCl, pH 7.5.   
   8.    CsCl-saturated 100 mM Tris–HCl, pH 7.5.   
   9.    1:0.6 ratio 100 mM Tris–HCl and CsCl-saturated 100 mM 

Tris–HCl, pH 7.5.   
   10.    13 × 51 mm ‘Quick-Seal’ polyallomer ultracentrifuge tubes 

(Beckman Coulter).   

2.1  MEF Cell Culture

2.2  Adenoviral 
Generation 
and Purifi cation
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   11.    NVTi 90 ultracentrifuge rotor (Beckman Coulter).   
   12.    L-80 preparative ultracentrifuge (Beckman Coulter).   
   13.    21 G and 25 G needles and 5 ml syringes.   
   14.    PBS containing 3 % sucrose.   
   15.    0.5–3.0 ml 5 kDa cutoff ‘Slide-a-Lyser’ dialysis cassettes (Pierce).      

       1.     Paraformaldehyde (PFA) made  up   as a 4 % stock solution in 
PBS ( see   Note    3  ).   

   2.    100 % methanol.   
   3.    Normal goat serum stored in single use aliquots at 

−20 °C. Working stock is prepared by dilution into a 2.5 % 
solution with PBS and 0.01 % sodium azide.   

   4.    Anti-ERK1/2 rabbit monoclonal antibody (clone 137F5) 
(Cell Signaling Technology).   

   5.    Anti- p- ERK1/2 mouse monoclonal antibody (clone 
 MAPK  - YT) (Sigma).   

   6.    Anti-Myc epitope rabbit monoclonal antibody (clone 71D10) 
(Cell Signaling Technology).   

   7.    Alexa 488-conjugated, highly cross-adsorbed goat anti-mouse 
secondary antibody (Invitrogen).   

   8.    Alexa 546-conjugated, highly cross-adsorbed goat anti-rabbit 
secondary antibody (Invitrogen).   

   9.    3 mM DAPI (4,6-diamidino-2-phenylindole) stock in water. 
Dilute 1:5000 in PBS for working solution (600 nM).       

       1.    NE-PER nuclear and cytoplasmic extraction reagents (Thermo 
Scientifi c).   

   2.    Halt Protease and  Phosphatase   Inhibitor Single-Use Cocktail 
(100×) (Thermo Scientifi c).   

   3.    Bradford Assay Reagent (Thermo Scientifi c).   
   4.    NuPAGE ®  LDS Sample Buffer (4×) (Thermo Scientifi c).   
   5.    NuPAGE ®  Novex ®  4–12 % Bis-Tris Protein Gels, 1.0 mm 

(Thermo Scientifi c).   
   6.    Immobilon-FL PVDF 0.45 μm Blotting Membrane (Millipore).   
   7.    Anti-ERK1/2 rabbit monoclonal antibody (clone 137F5) 

(Cell Signaling Technology).   
   8.    Anti-ppERK1/2 rabbit monoclonal antibody (clone 

D13.14.4E) (Cell Signaling Technology).   
   9.    Anti- DUSP5   sheep polyclonal antibody ( see   Note    4  ).   
   10.    Anti-UBF sheep polyclonal antibody ( see   Note    5  ).   
   11.    Anti-MEK rabbit polyclonal antibody (Cell Signaling 

Technology).   

2.3  Immunofl uo- 
rescence Staining 
of ERK1/2,  p -ERK1/2, 
and Myc

2.4  Subcellular 
Fractionation 
and Immunoblot 
Analysis
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   12.    Alexa Fluor ®  680 conjugate, Donkey anti-Sheep IgG (H + L) 
Secondary Antibody (Thermo Scientifi c).   

   13.    DyLight™ 680 Conjugate, Goat anti-rabbit IgG (H + L) sec-
ondary antibody (Cell Signaling).       

3    Methods 

 We have previously described methodology for sensitive detection 
of ERK and phosphorylated ERK in HeLa cells using high con-
tent microscopy [ 23 ]. Here, we describe similar approaches for 
studying ERK regulation by  DUSP5   in primary  MEFs   by  DUSP5 
  knockout and reconstitution using adenoviral (Ad)  expression   of 
Myc-tagged  DUSP5  , or mutants of  DUSP5  . An additional layer 
of complexity is added by the heterogeneity in cell shape and size 
in the non-monoclonal population, which presents new challenges 
for automated analysis. High quality monoclonal antibodies are 
available, which specifi cally recognize dual phosphorylated 
ERK1/2 (but neither mono-phosphorylated form), ERK1/2 
(irrespective of  phosphorylation   state), and the Myc epitope tag, 
which are validated for use in  immunofl uorescence   imaging and 
 fl ow cytometry  . The use of  high-content microscopy   and analysis 
is well suited to studying spatiotemporal aspects of  DUSP5  -ERK 
regulation, which requires quantitative assessment of ERK  phos-
phorylation   and subcellular distribution in multiple knockout res-
cue and stimulus conditions in parallel. Antibody detection allows 
multiplexed single cell assessment of  p- ERK1/2, ERK1/2, and 
Myc intensity and distribution in the same samples, as suitable 
antibodies for detection are available as mouse or rabbit monoclo-
nals. Our microscopy results were cross-validated using immu-
noblotting of biochemically fractionated cell lysates, and thus we 
have also included the methodology for this complementary 
approach here. 

    This  method   is based on the Iowa Gene Transfer Vector Core 
‘RapAd™’ system [ 24 ]. All plasmids may be obtained from them 
directly: 

   http://www.medicine.uiowa.edu/vectorcore/products/     
 The RapAd™ plasmids used to make serotype 5 recombinant 

adenoviral vectors have left-hand ITR, E1a, and partial E1b 
sequence deletions. This modifi cation greatly reduces the chances 
of wild-type non-recombinant virus from contaminating the fi nal 
preparation. The backbone vector, pacAd5 9.2-100, contains the 
entire adenoviral genome, but lacks the fi rst 9.2 map units, and 
must recombine with the shuttle vector, pacAd5 K-N pA, via 
homology regions fl anking the multiple cloning site in the pres-
ence of the E1a protein (expressed by the HEK293 helper cell line) 
in order to undergo viral replication and enter a lytic cycle. 

3.1  Generation 
of Recombinant 
Adenovirus

Christopher J. Caunt 
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Therefore, the virus will not replicate in cells that do not harbor 
the E1a gene, and may be used safely as a vector delivery system for 
transgenes of interest ( see   Note    6  ).

    1.    Clone fragment of interest into pacAd5 K-N pA promoterless 
shuttle vector (in our case the EGR-1 promoter and  DUSP5  - 
Myc cDNA). This vector contains a Pac1 digestion site, Amp 
resistance, and large sections of the adenoviral genome neces-
sary for viral replication.   

   2.    Plate low passage (<50) University of Iowa HEK293 cells in 
DMEM + 10 % FBS, 24 h prior to  transfection   with backbone 
and shuttle vectors. Cells should be 50–60 % confl uent in a 
T25 for the  transfection   (on day of  transfection  ).   

   3.    Digest 1.5 μg of pacAd5 9.2-100 backbone vector with 5 U of 
PacI in Cutsmart buffer in a total volume of 25 μl. Digest 4.5 
μg pacAd5 EGR-1p DUSP5  -Myc shuttle vector with 5 U of 
PacI in Cutsmart buffer in a total volume of 25 μl. Incubate 
digests at 37 °C overnight.   

   4.    Combine PacI-digested shuttle and pacAd5 9.2-100 back-
bone, and make up to 140 μl total volume with sterile ddH 2 O.   

   5.    Add 20 μl of 2 M CaCl 2 . Mix well.   
   6.    Add 160 μl of 2× HBS. Add dropwise over a period of ~20 s 

(the dropwise addition is important to ensure precipitate forma-
tion). Incubate at room temperature for 20 min. Do not shake 
or mix the solution or the precipitate will not form properly.   

   7.    Mix well by pipetting up and down and transfer to HEK293 
cells by adding to medium. Return to 37 °C, 5 % CO 2  for 3–4 
h (can leave the  transfection   medium on O/N).   

   8.    Remove medium from cells and wash once with PBS.   
   9.    Add 5 ml of DMEM + 10 % FBS and return to 37 °C, 5 % CO 2 .   
   10.    Check daily for presence of plaques—these will appear initially as 

foci of clearance in the cell monolayer, where cells appear healthy 
apart from rounded cells with the appearance of ‘bunches of 
grapes’ at the periphery of the plaque. Gaps in the monolayer 
are easy to distinguish as cells will appear healthy and well spread 
at the periphery of the area devoid of cells. If plate is ready for 
harvest (>60 % of cells lifted, then tapping the fl ask gently 
removes virtually all cells). If not, return to incubator.   

   11.    If medium is low or appears exhausted before plaques start to 
form, add 2 ml medium on day 7 and 10. Recombination and 
plaque formation is usually obvious by 14 days.   

   12.    To harvest: gently tap the side of the culture fl ask to remove 
residual cells and transfer medium and cells into a 5 ml sterile 
tube. Snap-freeze the cells in liquid N 2  and store at −80 °C.   

   13.    Re-inoculate a T75 fl ask of HEK293 cells (in 15 ml medium) 
with 0.3–0.5 ml of viral lysate from the initial prep to check for 
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functional virus alongside a non-infected control fl ask, and a 
control fl ask of cells that are not transformed with the E1a 
gene (e.g., HeLa cells). A genuine  adenovirus   will cause lysis of 
the HEK293 fl ask within 24–72 h, and no effect should be 
seen on cell viability in either control fl ask. Harvest this lysate 
in a 50 ml tube as above. Snap-freeze the lysate in liquid N 2  
and store at −80 °C for future large-scale amplifi cation.    

          1.     Grow 10 × T175 fl asks  of   low passage (<50) HEK293 cells to 
60 % confl uency. To achieve 60 % confl uency, split 1 × T175 
fl ask into 10 × T175 fl asks. Cells will be 60 % confl uent 1–2 
days post-split.   

   2.    Infect each fl ask with 0.5 ml of viral lysate/supernatant (from 
previous steps above).   

   3.    Inoculate for 24–72 h until the cells are about to detach from 
the fl ask. Maximal yields are achieved if cells are harvested just 
prior to cell lysis, so it is important the cells are not all detached 
already: this means they have already released virus to the 
supernatant.   

   4.    Tap the side of the fl ask to dislodge the cells. Collect the cells 
in the medium into 50 ml tubes.   

   5.    Spin down the cells at 1000 ×  g  for 10 min.   
   6.    Discard the supernatant, save some 5–15 ml aliquots by snap- 

freezing in liquid N 2  and storing at −80 °C for future large 
scale preps if necessary.   

   7.    Resuspend the cell pellets and pool them in a total volume of 
3 ml 100 mM Tris–HCl, pH 7.5.   

   8.    Snap-freeze in liquid N 2  and store at −80 °C until ready for 
purifi cation.   

   9.    Thaw the harvested virus and cells (3 ml) on ice. This process 
can be accelerated using a 37 °C water bath, but it is important 
the mix does not warm to more than 4 °C. Snap-freeze in liq-
uid N 2  and thaw (repeat process again a further three times to 
lyse cells).   

   10.    Centrifuge at 3000 ×  g  for 10 min at 4 °C to remove cell debris.   
   11.    Transfer the supernatant to an ultracentrifuge tube using a 

5 ml syringe and 21 G needle.   
   12.    Add 0.6 volumes of CsCl-saturated 100 mM Tris–HCl (pre-

pare by adding CsCl to 100 mM Tris–HCl, pH 7.5 until salt 
precipitates and no longer enters solution).   

   13.    Fill the tube(s) with 1 volume 100 mM Tris–HCl and 0.6 vol-
umes CsCl-saturated 100 mM Tris–HCl.   

   14.    Balance tubes to within 0.01 g of each other.   
   15.    Close the tubes using a heat sealer.   

3.2  Large-Scale 
Amplifi cation 
and Purifi cation 
of Recombinant 
Adenovirus
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   16.    Add balance caps to the tubes and place tubes in rotor. Coat 
the rotor screw-tops with ‘Spinkote’ lubricant and screw on.   

   17.    Close the caps to 120 psi using a torque wrench.   
   18.    Centrifuge at 65,000 rpm (292,000 ×  g ) for 6–8 h.   
   19.    Remove tubes from rotor using tweezers.   
   20.    Place in a stand in such a position to ensure that the viral band 

will be visible. Insert 2 × 25 G needles into the top of the tube 
to equalize the pressure.   

   21.    Remove the white viral particle band with a 19–21 G needle and 
a 5 ml syringe. Insert the needle just below the viral band, taking 
care only to puncture one side of the tube, slowly insert the 
needle and then angle the needle upwards into the viral particle 
band. Slowly remove the viral particles using the syringe plunger.   

   22.    Transfer the viral particles into a fresh ultracentrifuge tube and 
fi ll with 1 volume 100 mM Tris: 0.6 volumes CsCl-saturated 
100 mM Tris.   

   23.    Balance, heat seal, place in rotor as above and centrifuge for a 
second time overnight.   

   24.    Remove the virus particle band as above, and inject into a 
‘Slide-a-Lyser’ dialysis cassette. Remove air from the cassette to 
allow maximal use of membrane surface area and effi cient dialy-
sis. Mark the entry point used for injection of the viral particles 
into the cassette, as the same one should not be used twice.   

   25.    Insert the cassette into a fl oating holder and dialyze for 3 h 
with gentle stirring in PBS containing 3 % w/v sucrose. Use 1 
l of PBS–sucrose and change every hour (3 l total needed).   

   26.    Remove virus from cassette using a needle inserted into a dif-
ferent corner from that used to introduce the virus. Aliquot 
into sterile 500 μl tubes at 20 μl/tube.   

   27.    Snap freeze the aliquots in liquid N 2  and store at −80 °C.       

        1.    Wash  subconfl uent   fl asks of wild-type (WT) and  DUSP5 
  knockout (KO)  MEFs   2× with sterile PBS. Add 2 ml/fl ask of 
trypsin–EDTA mix, and incubate at 37 °C for 5 min, or until 
cells have detached from the bottom of the fl ask. Tap the side 
of the fl ask to dislodge remaining cells. Add 10 ml of DMEM 
containing 10 % FBS to stop the action of trypsin. Transfer to 
15 ml centrifuge tubes and spin at 800 ×  g  for 5 min at room 
temperature. Discard the supernatant and resuspend cells in 
DMEM containing 10 % FBS.   

   2.    Dilute cells to a suspension containing 4000 cells per 100 μl of 
10 % FBS/DMEM. Plate cells on to 96-well back-wall imaging 
plates at 100 μl. Return cells to the incubator overnight.   

   3.    Infect cells with empty adenoviral vector containing no transgene, 
or  adenovirus   expressing  DUSP5  -Myc (or alternatively a mutant, 

3.3  Culture, 
Adenoviral Infection, 
and Staining of MEFs 
for ERK1/2,  p -ERK1/2, 
and Myc
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such as R53/54A  DUSP5   [ 20 ], which cannot associate with or 
dephosphorylate the ERK kinase target, despite being catalytically 
active) under the control of the EGR-1 promoter. Defrost a virus 
aliquot and dilute to 0.1–3 × 10 6  plaque forming units (pfu) per 
ml for reexpression of  DUSP5  -Myc in  DUSP5   KO  MEFs  . Titres 
of 1–3 × 10 5  pfu/ml are usually suffi cient to restore endogenous 
levels of  DUSP5   expression in  MEFs  . Remove medium from cells 
and replace with 10 % FBS DMEM containing  adenovirus   at 100 
μl/well. Return cells to the incubator for 4–6 h.   

   4.    Remove medium from all cells, wash once with PBS and replace 
with 90 μl/well 10 % FBS DMEM overnight for stimulation 
with TPA the next day. For serum stimulus, replace with 90 
μl/well DMEM without FBS to serum-starve cells overnight. 
Add 10 μl of 10× TPA or FBS to cells for required periods.   

   5.    Tip off medium from cells and fi x by adding 50 μl/well 4 % 
PFA in PBS ( see   Note    3  ). Incubate on a rocking platform for 
10 min at room temperature.   

   6.    Tip off PFA and permeabilize the cells by adding 50 μl/well of 
−20 °C methanol. Incubate for 5 min in the freezer.   

   7.    Remove methanol and wash cells with 100 μl/well PBS at 
room temperature.   

   8.    Add 25 μl/well of 2.5 % v/v normal goat serum and 0.01 % 
w/v sodium azide in PBS (blocking buffer) and incubate plates 
at room temperature on a rocking platform for 2 h.   

   9.    Tip away blocking buffer and add 25 μl/well 1:200 dilution of 
primary mouse anti- p- ERK1/2 and either rabbit anti-ERK1/2 
or rabbit anti-Myc antibody diluted in blocking buffer. 
Incubate overnight on a rocking platform at 4 °C.   

   10.    Retrieve antibody for reuse if required. Wash cells three times 
with 100 μl/well PBS at room temperature.   

   11.    Remove PBS and add 25 μl/well 1:300 dilution of either or 
both Alexa 546 or 488 labeled goat anti-mouse or anti-rabbit 
secondary antibody diluted in blocking buffer. Incubate for 
90 min on a rocking platform at room temperature.   

   12.    Retrieve antibody for reuse if required. Wash cells three times 
with 100 μl/well PBS at room temperature.   

   13.    Add 100 μl/well of 300 nM DAPI diluted in PBS. Store at 
4 °C until ready to image.      

   These procedures are optimized for use with the GE Healthcare 
IN Cell Analyzer 2000 fl uorescence microscope and proprietary 
“IN Cell” Investigator software. However, the same outcomes are 
achievable using most platforms. A schematic overview of the 
workfl ow involved in performing the analysis is given in Fig.  1  and 
representative images and quantitative data are shown in Fig.  2b .

3.4  High Content 
Microscopy 
and Analysis

Christopher J. Caunt 
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  Fig. 1    Image acquisition and analysis workfl ow using high content microscopy. Mouse embryo fi broblasts 
were stained with up to three fl uorophores (in this case, using DAPI,  p -ERK, and Myc antibodies, as described 
in main text) and imaged using a 10 objective at 3–4 fi elds/well (capturing typically 100–500 cells/fi eld) in 
96-well plates using an IN Cell Analyzer 2000 microscope (GE Healthcare). Duplicate, triplicate, or quadrupli-
cate wells per condition were used in individual experiments. Custom analysis algorithms were defi ned using 
IN Cell Developer software (GE Healthcare) to capture data related to cell and nuclear area, shape, and stain 
distribution and intensity. Typically, the DAPI stain was used to defi ne a nuclear mask and  p -ERK stain was 
used as a common readout between experiments to defi ne the cell perimeter. Image processing functions 
were applied to enhance object defi nition as necessary. Mean, max and sum values per fi eld, per well and per 
cell were captured and plotted in fi gures as appropriate       
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      1.    Plates must fi rstly be equilibrated to room temperature prior to 
imaging. This prevents condensation forming on the bottom 
of the plate and plate expansion during the run, which affect 
image consistency and quality.   

   2.    In the microscope software ‘acquisition mode’ setup, be sure 
to select the Costar plate type 3904 from the list of options (or 
alternative if a different culture plate is being used). If the plate 
is not in the database, then the plate dimensions will need to 
be added using the ‘plate manager’ button in the drop-down 
menu ( see   Note    7  ).   

   3.    Dock the plate into the microscope, using the ‘insert/eject 
plate’ button in the toolbar ensuring that well A1 is in the top 
left-hand corner of the plate-holder tray.   

   4.    Set up an acquisition protocol to capture three fl uorescent 
images per well,  selecting   excitation fi lters: ‘DAPI’ (350 ± 25 
nm), ‘FITC’ (490 ± 10 nm), and ‘Cy3’ (543 ± 11 nm) and emis-
sion fi lters: ‘DAPI’ (455 ± 25 nm), ‘FITC’ (525 ± 10 nm), and 
‘Cy3’(604 ± 32 nm). Select the ‘QUAD1’ polychroic mirror 
and ‘2-D deconvolution’ options. The latter applies an image 
processing function, which sharpens the images but does not 
infl uence the linear dynamic range of the image detection, and 
does not incur a time penalty. We often use the ‘2 × 2 binning’ 
function, which pools fl uorescence detection from four detec-
tors per pixel ( see   Note    8  ). Set exposure times of 0.1, 0.3, and 
0.2 s for DAPI, Alexa 488, and Alexa 546 images, respectively.   

   5.    In the ‘focus’ window in the wizard, select the ‘laser autofocus’ 
(hardware autofocus) option and click the ‘auto-offset’ button 
above the list of fi lters and exposure times. The microscope 
should automatically fi nd the optimal distance above the plas-
tic–PBS interface of the sample plate at which to capture images 
with greatest in-focus clarity in the fi eld of view. Problems at 
this stage normally arise from incorrect plate settings.   

   6.    Move to several different wells by clicking on the plate map 
image in well areas. Click the ‘AF’ (autofocus) button next to 
each fi lter setting to ensure the autofocus/offset settings give 

Fig. 2 (continued) ( b ) Representative images of WT and  DUSP5   KO  MEFs   treated for 1 h with TPA prior to 
immunostaining for  p -ERK, ERK, and DAPI. Scale bar = 75 μm. Note that cropped images are only 20 % of the 
area of a single fi eld of view acquired per well. ( c ) Graphs represent population average normalized fl uores-
cence values for nuclear (Nuc) and cytoplasmic (Cyt)  p- ERK intensity, or nuclear (Nuc) ERK intensity derived 
from three separate experiments, each of which contained two to four replicate wells per condition. Data are 
shown as mean ± SEM,  n  = 3. The data clearly show the increase in nuclear  p -ERK, which results from deletion 
of  DUSP5  , but also reveal the role of  DUSP5   as a nuclear anchor for total ERK, with the knockout cells failing 
to accumulate total ERK in the cell nucleus at later times after stimulation. For further details of these and 
rescue experiments using adenoviral vectors encoding wild-type and mutant  DUSP5    see  ref.  22        
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  Fig. 2    Comparison of spatiotemporal ERK regulation using cell fractionation and high content microscopy. Primary 
 MEFs   derived from wild-type (WT) or  DUSP5    knockout   (KO) mice were maintained in 10 % FBS prior to stimula-
tion with 100 ng/ml TPA phorbol ester as indicated. ( a ) Wild-type and  DUSP5   KO  MEFs   were lysed and frac-
tionated before analysis by SDS-PAGE and  Western blotting   using the antibodies indicated. Upstream binding 
factor (UBF) and MAP kinase kinase (MEK) were used as markers to verify effi cient separation intoFig. 2 (contin-
ued) nuclear (N) and cytoplasmic (C) fractions respectively. Immunoblotting with antibodies against phosphory-
lated ERK ( p -ERK) and total ERK clearly indicates that loss of  DUSP5   leads to an increase in nuclear  p -ERK.
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in-focus images in a range of wells in different areas of the 
plate. Also check the pixel histograms by clicking on the but-
ton that looks like an artist’s palette to ensure all detectors are 
acquiring fl uorescence values within the dynamic range of the 
camera. If some pixels are saturated, the exposure time must be 
reduced. Other options for bright-fi eld acquisition and the 
order in which wells are acquired are optional. Similarly, if a 
minimum cell number of required per well, an ‘on the fl y’ cell 
count may be included based on the DAPI stain to ensure the 
microscope carries on acquiring images until the number has 
been achieved.   

   7.    In the fi eld selection button to the right of the plate image, 
select the number of fi elds per well to be acquired (usually 2–4 
fi elds of view, giving roughly 500–1000 cells acquired/well).   

   8.    Once the acquisition protocol is set up, it is not usually changed 
between assays, apart from to redefi ne the ‘auto- offset’ at the 
start of each session.   

   9.    Acquire images by pressing the ‘run protocol’ button in the 
toolbar. Specify the fi le-path for the images (usually a server 
mapped to the computer) and type in an appropriate name for 
the experiment. Images will be directly saved to the server.   

   10.    Once images are saved, proceed to image analysis. Note that 
this does not require the microscope—just a computer with 
access to the images. Open IN Cell Investigator software (or 
equivalent, such as ‘Cell Profi ler’). We use a bespoke analysis 
protocol for our staining procedure, so we include our settings 
merely as a guide.   

   11.    Click on the ‘View/Analyze Image Stack’ button and navigate 
to image stack using the dialog box.   

   12.    Open the ‘Protocol Explorer’ window and defi ne the fi rst 
‘Target set’ in a new protocol as ‘nuclei’, choosing ‘DAPI’ as 
the input image (channel 1). Apply a ‘Denoising-anisotropic 
diffusion’ Preprocess function to the image to make segmenta-
tion of individual nuclei easier, using a ‘kernel’ size of 3 and a 
sensitivity of 6. Choose ‘Object segmentation’ parameters as a 
kernel size of 13 and a sensitivity of 24. Add a fi rst Post- process 
function of ‘Fill holes’ and a second of ‘Sieve’ with settings of 
‘keep objects > 13 μm 2 ’.   

   13.    Create a new ‘Target set’ called ‘Cells’. Set up a ‘Preprocess 
macro’, which links the following image  transformations   and 
fi lters, using the  p- ERK1/2 image (channel 2) as an input, and 
exporting the output image to channel 6: information equali-
sation > histogram equalisation > smooth > smooth. This has 
the effect of slightly blurring the image and enhancing bound-
ary defi nition between stained cells and background. Choose 
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‘Object segmentation’ parameters as a kernel size of 27 and a 
sensitivity of 75. Add a fi rst Post-process function of ‘Sieve’ 
with settings of ‘Keep objects > 40 μm 2 ’ a second of ‘Clump 
break’ based on ‘Nuclei’ targets to ensure only single cells (one 
nucleus per cell) are counted, a third of ‘Fill holes’ and fi nally 
‘Border object removal-all borders’.   

   14.    Create ‘Target linking-one to one linking’ between ‘Nuclei’ and 
‘Cells’ target sets using 90 % overlap of ‘Nuclei’ within ‘Cells’ as 
acceptable, defi ning the linked objects as ‘Nuclei_Cells’.   

   15.    If necessary, apply a fl at fi eld correction to acquired images in 
the Alexa 488 and 546 channels ( p -ERK1/2 and either 
ERK1/2 or Myc images, respectively), using ‘Shading removal-
QSM’ and an offset value of 30–50 in multiplicative mode.   

   16.    Defi ne measures (for example, average pixel intensity or cell 
area) by using the ‘Add user defi ned measure’ function by 
right-clicking in the ‘Measures’ panel (highlighted when the 
icon if the same name is selected underneath the ‘Nuclei_Cells’ 
icon). Double click the desired measure, then double click the 
linked ‘Nuclei_Cells target path’ to link the measure to the 
relevant objects. Apply statistical functions from the drop-
down menu in the ‘Measures’ panel as necessary (e.g., ‘Sum’, 
‘Mean’) to summarize population-level data. Ensure that the 
data is acquired from the relevant source image using the drop-
down menu in the ‘Measures’ panel. For example, any mea-
sures  relevant to  p -ERK images must be linked to either the 
original acquired images in channel 2 or their fl at fi eld cor-
rected derivatives.    

       These   procedures are optimized for use with NE-PER nuclear and 
cytoplasmic extraction reagents (Thermo Scientific) and fluores-
cent immunoblots imaged on a Li-Cor Odyssey imaging system 
(LI-COR Biosciences) ( see   Note    9  ).

    1.    Perform  steps 1 – 4  of subheading  3.3  scaled up for use in 
10 cm tissue culture treated plates. Seed 5 × 10 5  WT and KO 
 MEFs   per 10 cm plate in 10 ml DMEM containing 10 % 
FBS. Infect with the required titre of  adenovirus   in 5 ml 
DMEM containing 10 % FBS to minimize the amount of virus 
required.   

   2.    Following the required stimulations remove medium from all 
cells and wash twice with PBS. Harvest cells by adding 5 ml/
plate of trypsin–EDTA mix, and incubate at 37 °C for 5 min. 
Tap the fl ask to dislodge the remaining cells, add 10 ml of 
DMEM containing 10 % FBS to quench the trypsin, then cen-
trifuge at 500 ×  g  for 5 min at room temperature. Discard the 
supernatant and resuspend cells in 1 ml PBS.   

3.5  Culture, 
Adenoviral Infection, 
and Subcellular 
Fractionation of MEFs 
for Immunoblot

Spatiotemporal Regulation of ERK Signalling
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   3.    Transfer the cell suspension to 1.5 ml microcentrifuge tubes 
and pellet by centrifugation at 500 ×  g  for 3 min. Resuspend 
cells in 100 μl ice-cold CER I buffer (containing Halt  protease   
and phosphatase inhibitors) from the NE-PER nuclear and 
cytoplasmic extraction reagent kit (Thermo Scientifi c).   

   4.    Continue to use the NE-PER nuclear and cytoplasmic extrac-
tion reagents (Thermo Scientifi c) to isolate the cytoplasmic 
and nuclear fractions according to the manufacturer’s 
instructions. Utilize the minimum reagent volumes recom-
mended to obtain concentrated protein samples in the cel-
lular fractions.   

   5.    Perform a Bradford assay on the isolated cellular fractions to 
determine protein concentrations. The cytoplasmic fraction is 
usually three to four times more concentrated than the nuclear 
fraction. Normalize the protein concentrations within the sam-
ples and add NuPAGE LDS sample buffer (Thermo Scientifi c) 
and boil at 95 °C for 5 min.   

   6.    Resolve equivalent quantities of protein by SDS-PAGE using 
NuPAGE ®  Novex ®  4–12 % gradient 4–12 % Bis-Tris protein 
gels, transfer onto Immobilon-FL PVDF membranes, and 
block in 5 % milk for 30 min at room temperature on a rocking 
platform.   

   7.    Tip away blocking buffer and wash cells three times for 5 min 
with PBS–Tween at room temperature.   

   8.    Incubate with the required primary antibodies, diluted in 5 % 
BSA, overnight at 4 °C including:

    (a)    Anti- DUSP5   (1:2000) ( see   Note    4  ).   
   (b)    Anti-pERK (1:1000).   
   (c)    Anti-ERK (1:1000).   
   (d)    Anti-MEK (1:1000).   
   (e)    Anti-UBF (1:1000) ( see   Note    5  ).       

   9.    Retrieve antibody for reuse if required. Wash cells three times 
for 5 min with PBS–Tween at room temperature.   

   10.    Place in corresponding fl uorescent-tagged secondary antibod-
ies, diluted in 5 % milk, for 1 h at room temperature on a rock-
ing platform, avoiding exposure to light.   

   11.    Retrieve antibody for reuse if required. Wash cells three times 
for 5 min with PBS–Tween at room temperature.   

   12.    Scan the membrane utilizing the 680 nm channel on a Li-Cor 
Odyssey imaging system (LI-COR Biosciences) to visualized 
reactive bands. Representative results of a fractionation experi-
ment are shown in Fig.  2a .     

Christopher J. Caunt 
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4                   Notes 

     1.    A number of standard methods are available for the isolation 
and culture of primary  MEFs   from 12.5 to 13.5 postcoitum 
(p.c.) mouse embryos. In addition, Pierce now produce a com-
mercial mouse embryonic fi broblast isolation kit (Cat No 
88279) which claims to have improved performance over stan-
dard trypsin-based tissue digestion in the establishment of 
 MEFs   in culture.   

   2.    Low passage HEK293 cells (<20) were obtained from Iowa 
Gene Transfer Vector Core, to ensure the strong E1A expres-
sion necessary for adenoviral propagation. There are quite 
large differences in HEK293 cell phenotype between different 
sources, which are likely due to subtle differences in selection 
pressure between the thousands of labs culturing this immor-
talized line. Therefore, some HEK293 lines more effi ciently 
generate recombinant virus following co- transfection  , while 
others form better monolayers for cell biological studies. Here, 
the strongest indicator of their utility as a ‘helper’ cell line is 
the expression of the E1A gene.   

   3.    To make up 4 % PFA, weigh PFA in a fume cupboard and add 
to PBS on a stirrer. Add concentrated NaOH dropwise until 
PFA dissolves, then restore to pH 7.2. Store in aliquots at −20 
°C and defrost thoroughly before use.   

   4.    We used an “in house” sheep polyclonal antibody raised against 
recombinant protein produced in  E. coli  to detect  DUSP5   by 
 Western blotting   [ 20 ]. Commercial antibodies against  DUSP5 
  are available, but are of variable quality. Specifi city for  DUSP5 
  should be verifi ed by siRNA  knockdown   and  Western blotting   
before use. The authors can provide samples of the antiserum 
used here on request.   

   5.    We used a non-proprietary antibody against upstream binding 
factor (UBF) as our marker for the nuclear fraction. However, 
several commercial antibodies are available for this purpose. 
These include antibodies against lamin A,  poly   ADP ribose 
polymerase (PARP), histone deacetylase-2 (HDAC-2) and the 
transcription factor SP1.   

   6.    All preparation of DNA and digestion, as well as the actual 
 transfections  , should be carried out under aseptic conditions in 
a class II sterile fl ow cabinet designed for cell culture. All mate-
rials and solutions that have been in contact with  adenovirus   or 
HEK293 helper cells must be sterilized by immersion in 1 % 
hypochlorite or other peroxygen-based commercial disinfec-
tant, such as 2 % Virkon (Fisher Scientifi c).   

Spatiotemporal Regulation of ERK Signalling
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   7.    Plate dimensions are usually available from the plate manufac-
turer, but an actual measure of plate thickness and skirt height 
can also be obtained using the ‘laser autofocus trace’ tool.   

   8.    The ‘2 × 2 binning’ function increases sensitivity and decreases 
image fi le size from 8 to 2 Mb but reduces image resolution. 
We have shown this does not infl uence the quality of data gath-
ering from cells the size of  MEFs   acquired using a 10× lens and 
measuring fl uorescence changes in nuclear and cytoplasmic 
compartments, and actually improves signal–noise ratios.   

   9.    The same outcomes are achievable using a range of commer-
cially available subcellular fractionation kits and reagents and 
standard (ECL) immunoblotting procedures.           
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    Chapter 13   

 In Situ Proximity Ligation Assay (In Situ PLA) 
to Assess PTP-Protein Interactions                     

     Sina     Koch    ,     Irene     Helbing    ,     Sylvia- Annette     Böhmer    ,     Makoto     Hayashi    , 
    Lena     Claesson-Welsh    ,     Ola     Söderberg    , and     Frank-D.     Böhmer      

  Abstract 

   Spatiotemporal aspects of protein-tyrosine phosphatase (PTP) activity and interaction partners for many 
PTPs are elusive. We describe here an elegant and relatively simple method, in situ proximity ligation assay 
(in situ PLA), which can be used to address these issues. The possibility to detect endogenous unmodifi ed 
proteins in situ and to visualize individual interactions with spatial resolution is the major advantage of this 
technique. We provide protocols suitable to monitor association of the transmembrane PTPs PTPRJ/
DEP-1/CD148 and PTPRB/VE-PTP with their substrates, the receptor tyrosine kinases FMS-like tyrosine 
kinase 3 (FLT3/CD135), and Tie2 and vascular endothelial growth factor receptor 2 (VEGFR2), respec-
tively. Detailed description of method development and reagents as well as highlighting of critical factors 
will enable the reader to apply the method successfully to other PTP-protein interactions.  

  Key words     In situ proximity ligation assay (in situ PLA)  ,   Protein-tyrosine phosphatase  ,   Protein 
interaction  ,   Receptor tyrosine kinase  ,   Signal transduction  ,   Imaging  

1      Introduction 

    Protein-tyrosine phosphatases (PTPs)   comprise  an   enzyme  family 
  encoded by approximately 100 genes in the human genome, which 
regulate cellular signaling by a variety of mechanisms [ 1 ]. Notably, 
many PTPs are specifi cally dephosphorylating  phosphotyrosines   
on proteins, thereby reversing or modulating the action of  protein-
tyrosine kinases  . Therefore, PTP activities are important in many 
contexts, such as regulation of growth factor and cytokine signal-
ing [ 2 ,  3 ], and defects in PTP functions have been associated with 
severe diseases like cancer [ 4 ,  5 ]. Hence, identifying protein inter-
action partners of PTPs is of outmost importance for understand-
ing PTP functions and potentially for developing treatment 
strategies. Interacting proteins can be regulatory molecules or 
substrates or both. In particular, identifi cation of substrates poses 
technical challenges because their interaction with PTPs is usually 
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transient thereby precluding simple  identifi cation   of PTP-substrate 
complexes by, e.g.,  immunoprecipitation  . The use of PTP-
 substrate-trapping   mutants [ 6 ] has been important in partially 
overcoming this problem and is now an inevitable component in 
the canon of methods for identifying physiologically relevant sub-
strates [ 7 ].  Substrate trapping   mutants have been used for assess-
ing PTP complex formation in conjunction with a large number of 
techniques, such as  yeast   or mammalian two-hybrid assays [ 8 – 10 ] 
or visualization methods [ 11 ,  12 ]. Still,  substrate trapping   mutants 
are genetically modifi ed, and exogenously expressed proteins, 
which may not properly refl ect the spatiotemporal profi le of endog-
enous PTP interactions. 

 Visual assessment of the interaction of PTPs with regulators 
and substrates in situ in cells and tissues provides important 
functional information. Several techniques for reporting complex 
formation have been employed for this purpose. These include 
Förster (fl uorescence)-resonance energy transfer (FRET) [ 11 ,  13 ], 
bioluminescence resonance energy transfer (BRET) [ 12 ,  14 ], and 
bimolecular fl uorescence protein complementation (BiFC) [ 15 ]. 
Also, monitoring alterations in the mobility of fl uorescently labeled 
PTPs, e.g., by fl uorescence recovery after photobleaching (FRAP) 
can be informative with respect to complex formation [ 16 ,  17 ]. 
While these methods are powerful and can provide valuable and 
unique information, they have in common that molecules and cells 
have to be extensively engineered, e.g., by generating fl uorescent 
 fusion proteins   and transient or stable  transfections  . Moreover, 
they usually require laborious and costly microscopy techniques 
and very experienced users. The possible generation of artifacts is 
diffi cult to control and has to be kept in mind. 

 As an alternative to investigate endogenously interacting pro-
teins, the in situ proximity ligation assay (in situ PLA) has emerged 
as a powerful technology allowing the detection of individual 
 protein- protein interactions   as bright fl uorescent spots at the site, 
where the interaction occurred in situ. Hence, differences in the 
location and quantity of the interactions are easily accessible and 
cell-to-cell variations can be analyzed without expensive equip-
ment. This method—which usually is performed within 1–2 days 
of work—is typically applied to individual fi xed cells or tissue sec-
tions and does not require molecule or cell engineering. Instead, 
primary antibodies are used to probe two potentially interacting 
proteins, e.g., one PTP and its binding protein partner. Either, 
these two antibodies are directly conjugated to oligonucleotides 
and in that way converted to proximity probes or two primary 
antibodies from different species are probed with secondary, 
species- specifi c proximity probes—secondary antibodies carrying 
an oligonucleotide. Upon binding of two probes to the same pro-
tein complex, the oligonucleotides are brought into proximity and 
allow the hybridization of two additional oligonucleotides, these 
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forming a circular molecule. Subsequently, the circle-forming 
oligonucleotides are ligated, and a rolling circle amplifi cation 
(RCA) can be performed, primed from one of the oligonucleotides 
coupled to the antibodies. Using a polymerase with a strong 
strand- displacement activity ~1000 concatemeric copies of the cir-
cular DNA molecules are created. This concatemer stays attached 
to the antibodies where it was primed from and collapses into a 
bundle of DNA. With the help of fl uorophore-labeled oligonucle-
otides, which bind to the concatemer, the protein-protein complex 
is detected as one bright fl uorescent spot at the site, where the 
antibodies were bound. These signals can be visualized using 
conventional epifl uorescence or a confocal microscope (Fig.  1 ) and 
can be counted or spatially evaluated [ 18 ,  19 ].

cb

e

a

d

  Fig. 1    Schematic presentation of the different steps of the in situ PLA assay. ( a ) Interacting proteins react with 
specifi c antibodies from two different species. Corresponding species-specifi c secondary antibodies coupled to 
DNA oligonucleotides (“PLA probes”) are bound to the primary antibodies. Proximity of the interacting proteins 
results in proximity of the oligonucleotides. ( b ) By virtue of their proximity, the DNA oligonucleotides can hybridize 
with two further oligonucleotides, thereby bridging the probes. ( c ) Ligation of the hybridized oligonucleotides cre-
ates a closed circular DNA template enabling subsequent “rolling circle amplifi cation (RCA)”. ( d ) RCA of the cir-
cular DNA in the presence of a hybridizing, fl uorescent detection probe causes bright fl uorescent signals (RCA 
products) in places of the cell where complex formation of the two proteins occurred. ( e ) Example of RCA products 
indicating complex formation of Vascular Endothelial PTP (VE-PTP) in HUVEC cells (see paragraph 3.2 for details)       
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   In situ PLA technology has been successfully applied to detect 
the interaction of PTPs at endogenous levels with other proteins, 
notably also with substrates. Examples include the binding of 
 PTP1B  /PTPN1 to an interacting protein designated PTPIP51 
with yet incompletely understood regulatory relevance [ 20 ], 
 association of PTPD1/PTPN21 with the epidermal growth factor 
receptor (EGFR) promoting EGFR signaling [ 17 ], and association 
of PTEN with the Thr308 phosphorylated form of the protein 
kinase AKT contributing to the depletion of nuclear pAKT subse-
quent to stimulation of purinergic receptors [ 21 ]. 

 The transmembrane PTPs (RPTPs)    DEP-1/ PTPRJ   and 
VE-PTP/ PTPRB   can negatively regulate different  receptor tyro-
sine kinases (RTKs)   and have important functions in tumor and 
vascular biology [ 5 ,  10 ,  22 ]. By in situ PLA, the association was 
demonstrated of DEP-1 with FLT3, a hematopoietic  RTK   fre-
quently mutated in acute myeloid leukemia [ 23 ]. VE-PTP was 
shown to interact with the  RTKs   VEGFR2 and Tie2, both major 
regulators of  angiogenesis  . Notably, VEGFR2 is not directly inter-
acting with VE-PTP, and Tie2 is required for  dephosphorylation   of 
VEGFR2 by VE-PTP complex formation [ 24 ,  25 ]. These in situ 
PLA experiments considerably strengthened the identifi cation of 
both PTPs as  bona fi de  regulators of the interacting  RTKs   and 
revealed spatiotemporal features of the PTPs’ encounter with their 
substrates. We will describe and discuss the applied in situ PLA 
methodology in detail below. 

 It should be noted that the in situ PLA technology is rapidly 
developing, thereby potentially providing novel possibilities for the 
study of PTP-protein interactions despite certain limitations, e.g., 
the dependence on suitable binders for the proteins of interest. 
Some of these technical issues shall be briefl y highlighted. As other 
methods like FRET or BRET, in situ PLA is a measure of the dis-
tance between two proteins. When a signal is obtained—which 
means that the distance between the interacting proteins is under a 
certain threshold—it is interpreted to represent an interaction. By 
changing the length or polarity of the oligonucleotides, the toler-
ated distance can be reduced or increased, if required [ 26 ]. 
However, given that the use of secondary antibody probes will per-
mit a distance between the probed epitopes of ~40 nm, a positive 
reaction does not easily allow distinguishing direct physical interac-
tion of two detected proteins from interactions mediated by further 
proteins. When studying larger complexes such as the VE-PTP, 
VEGFR2, and Tie2 complex, conditions allowing detection of 
more widely distributed epitopes can be an advantage. However, to 
more strictly assess direct associations, reducing the detected dis-
tances is desirable. Using primary conjugates the distance will be 
reduced to ~25 nm, but even this might be too large. One possibil-
ity involves replacement of antibodies with other, considerably 
smaller molecules, which specifi cally recognize and bind their 
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targets in situ, such as aptamers or darpins [ 27 ]. In these cases, the 
distance threshold between the anchoring points of the oligonucle-
otides of the proximity probes is below 10 nm, in the same range as 
FRET. Further recent advances in the in situ PLA technology, 
which may have bearing for PTP interaction studies, involve tech-
niques for increasing the dynamic range [ 28 ], reducing the size of 
the in situ PLA product [ 29 ], and for parallel monitoring of multi-
ple protein interactions [ 30 ]. Apart from assessing the association 
of PTPs to regulators and targets, PTP actions in intact cells may 
potentially be visualized by in situ PLA combining pan- and 
phosphosite-selective antibodies for monitoring substrate  dephos-
phorylation   [ 19 ].  

2    Materials 

        1.     Cell lines include:    THP-1 cells, cultured in RPMI1640 medium 
(with 20 mM HEPES) supplemented with 10 % heat- 
inactivated fetal bovine serum (FBS), and 1 mM sodium pyru-
vate; COS7 cells cultured in DMEM (4.5 g glucose/l) 
supplemented with 2 mM glutamine, 1 mM sodium pyruvate, 
10 % FBS; HEK293 cells, cultured in Ham’s F12/DMEM 1:1 
medium, 10 % FBS. As required, media are supplemented with 
100 U/ml Penicillin, and 100 μg/ml Streptomycin.   

   2.    FLT3  ligand   (FL), human recombinant, dissolved at 
100 μg/ml in sterile Milli-Q H 2 O, stored in aliquots at 
−80 °C. FLT3  inhibitor   cpd. 102 (Merck-Calbiochem FLT3 
 inhibitor   II, 343021).   

   3.    DEP-1/PTPRJ siRNA DEP-1 duplex of 
[5′-UACUGUGUCUUGGAAUCUAdGdC- 3′ (sense) and 
5′-UAGAUUCCAAGACACAGUAdGdG- 3′ (antisense)]. 
Control siRNA [(5′-AATTCTCCGAACGTGTCACGT-3′ 
(sense), 5′-ACGTGACACGTTCGGAGAATT- 3′ (antisense)].   

   4.    Amaxa ®  Cell Line Nucleofector ®  Kit V (Lonza, Cologne, 
Germany), including 4 mm  electroporation   cuvettes; Amaxa 
Nucleofector I (Amaxa Biosystems/Lonza, Cologne, Germany).   

   5.     Phosphate  -buffered saline (PBS): 8 g NaCl, 0.2 g KCl, 1.44 g 
Na 2 HPO 4 , 0.24 g KH 2 PO 4  in 1 l H 2 O, pH 7.4.   

   6.    Secondary antibodies for immunostainings in pre-testing of 
antibodies: Goat anti-rabbit-IgG-Cy3, donkey anti-goat-IgG-
 Cy3, and goat anti-mouse-IgG-Cy3.   

   7.    Coverslips 13 mm, #1 thickness, round, autoclaved before use. 
Tissue slides.   

   8.    Poly- L -lysine, 250 μg/ml in PBS, fi lter sterilized.   
   9.     Collagen  , 100 μg/ml sterile in PBS.   
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   10.    Ethanol, Molecular Biology grade.   
   11.    Wax pen—ImmEdge Pen.   
   12.    Pipet tips connected via fl exible plastic tubes to a vacuum 

driven aspiration apparatus with collection fl ask (can be 
self-made).   

   13.    Wet chamber: Drain paper towels with sterile ultrapure water 
and place in a suitable plastic box with a lid.   

   14.    Anti-FLT3 rabbit polyclonal antibodies (S18, sc-480, Santa 
Cruz Biotechnology, Heidelberg, Germany); anti-DEP-1 
polyclonal goat antibodies (AF1934, R&D Systems, 
Wiesbaden, Germany).   

   15.    DUOLINK ®  Kit: Duolink ®  In situ Orange Starter Kit Goat/
Rabbit, DUO92106-1KT (Sigma-Aldrich, Taufkirchen, 
Germany), containing the following components: Duolink ®  In 
situ PLA ®  Probe Anti-Rabbit MINUS, DUO92005; Duolink ®  
In situ PLA ®  Probe Anti-Goat PLUS, DUO92003 (The probe 
sets also include DUOLINK blocking solution and DUOLINK 
antibody solvent.); Duolink ®  In situ Detection Reagents 
Orange, DUO92007; Duolink ®  In situ Wash Buffers, A and B, 
DUO82049.   

   16.    Secondary antibody for counterstaining FLT3: FITC-labeled 
anti-rabbit-IgG.   

   17.    Mounting solutions: Vectashield mounting medium for fl uo-
rescence or Immu-Mount.   

   18.    HOECHST 33347 staining dye for nuclei.   
   19.    Nail polish, fast drying.   
   20.    BlobFinder (Version 3.2) can be downloaded at   http://www.

cb.uu.se/~amin/BlobFinder/index_fi les/Page430.htm    .   
   21.    DNA constructs for expression of hDEP-1 C1239S and 

hFLT3 in HEK293 and COS7 cells were described previously 
[ 31 ,  32 ].       

   Several of the required materials are listed under Subheading  2.1 . 
The following materials were specifi cally used only in 
Subheading  3.2 .

    1.       Human Umbilical Vein Endothelial Cells (HUVECs)   were 
cultured  in   Endothelial Cell  Basal   Medium MV2 (EBM2, 
C-22221, PromoCell, Heidelberg, Germany) with supple-
mental pack C-39221, containing 5 % fetal calf serum (FCS), 
epidermal growth factor (5 ng/ml), VEGF (0.5 ng/ml), 
fi broblast growth factor-2 (10 ng/ml), long R3 insulin growth 
factor-1 (20 ng/ml), hydrocortisone (0.2 μg/ml), and ascor-
bic acid (1 μg/ml) plus 15 % heat-inactivated FCS. Only cells 
below passage 8 were used for experiments.   

2.2  In Situ PLA 
Detection of VE-PTP/
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   2.    Murine VEGF164 (450-32, Peprotech Nordic, Stockholm) 
was dissolved in sterile ultrapure water to obtain a stock con-
centration of 100 μg/ml and stored in aliquots at 
−80 °C. COMP-Angiopoietin-1 (COMP-Ang1, kind gift 
from Gou Young Koh, Daejeon, Republic of Korea) was dis-
solved in sterile ultrapure water to obtain a stock concentra-
tion of 1 mg/ml and stored in aliquots at −80 °C. CompAng1 
is a stable variant of Ang1 produced by the Koh lab [ 33 ]. The 
N-terminal portion of Ang1 is replaced with the short coiled- 
coil domain of cartilage oligomeric matrix protein (COMP), 
to generate a soluble, stable, and potent Ang1 variant.   

   3.    Stealth RNA duplex oligoribonucleotides against human VE- 
PTP (HSS108847), human Tie2 (HSS110624), human Tie1 
(HSS110625), or control siRNA (12935-300; all from 
Invitrogen/Life Technologies, Carlsbad, CA, USA).   

   4.    Lipofectamine RNAiMax (Invitrogen/Life Technologies, 
Carlsbad, CA, USA).   

   5.    Glass bottom 8-well chamber slides.   
   6.    4 % paraformaldehyde (PFA) in PBS.   
   7.    0.2 % Triton X-100 in PBS; 0.1 % Tween 20 in PBS.   
   8.    Polyclonal goat anti-human VEGFR2 (AF357, R&D Systems 

Europe, Ltd., Abingdon, UK) (Epitope: extracellular domain, 
Ala20-Glu764), polyclonal goat-anti-human Tie2 (AF313, 
R&D Systems Europe, Ltd., Abingdon, UK) (Epitope: extra-
cellular domain, Ala23-Lys745), polyclonal rabbit anti-human 
VEPTP (kind gift from Dr. D. Vestweber [ 34 ]), and monoclo-
nal rabbit anti-pY1175 VEGFR2 (cat.# 2478, Cell Signaling, 
Stockholm, Sweden) were used for PLA. The anti-VE-PTP 
antibody was produced by immunizing rabbits with a syn-
thetic peptide raised against the VE-PTP juxtamembrane 
domain. The monoclonal mouse anti-human ZO-1 antibody 
(610966, BD Biosciences, Stockholm, Sweden) was used for 
 immunofl uorescence   staining of cell-cell junctions.   

   9.    Anti-mouse-IgG-conjugated to Alexa-488.   
   10.    Tris-buffered saline (TBS): 6.05 g Tris-base and 8.76 g NaCl 

in 1 l H 2 O, pH adjusted with HCl to 7.5.    

3         Methods 

   This protocol describes fi rst a method used  for   detecting FLT3- 
DEP- 1 interaction in THP-1 cells, a hematopoietic cell line 
expressing wild-type FLT3 and DEP-1 at easily detectable levels. 
DEP-1  knockdown   enhances FLT3  ligand   (FL)-stimulated FLT3 
signaling in these cells [ 35 ]. FL stimulation increases FLT3-DEP-1 
complex formation in a time-dependent manner [ 23 ] (Fig.  2 ). 
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For establishment of the in situ PLA protocol, different variables 
were tested ( see   Note    1  ). Control experiments using siRNA for 
DEP-1 and transient  transfections   in COS7 cells and HEK293 
cells were also performed. Finally, inhibition of  FLT3   kinase activ-
ity abrogated the association. Since this type of controls is of gen-
eral applicability, these experiments are likewise described below.

  Fig. 2    Formation of DEP-FLT3 complexes in FLT3  ligand  -stimulated THP-1 cells visualized by in situ PLA. THP-1 
cells, which endogenously express both FLT3 and DEP-1, were starved and left unstimulated ( a ) or were 
stimulated with 100 ng/ml FLT3  ligand   for 20 min ( b – d ). Fixed cells were subjected to in situ PLA. ( a  and  b ) 
Both anti-FLT3 antibody (rabbit) and anti-DEP-1 antibody (goat) were bound to fi xed and permeabilized cells 
before performing the in situ PLA detection. ( c ) Stimulated cells were exposed to anti-DEP-1 antibody only 
before in situ PLA. ( d ) Stimulated cells were exposed to anti-FLT3 antibody only before in situ PLA. Lack of 
staining in ( c ) and ( d ) indicates specifi city of the in situ PLA detection. ( Red channel —RCA signals;  blue chan-
nel —HOECHST 33347 staining of nuclei; scale bar 5 μm)       
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     1.    Standard or FLT3  inhibitor   pre-treatment ( see   Note    2  ): 
Sediment 3–4 × 10 6  well-proliferating THP-1 cells (500 ×  g , 
5 min), wash cells once with serum-free RPMI1640 medium, 
and resuspend for starvation in serum-free RPMI1640 medium 
containing 0.2 % fatty acid-free BSA at a density of 3–4 × 10 5  
cells/ml. Starve for 5–7 h at 37 °C, 5 % CO 2 . In case of treat-
ment with FLT3 kinase  inhibitor  , add compound at desired 
fi nal  concentration   from 500-fold stock in DMSO (e.g., 1 mM 
cpd.102 resulting in 2 μM fi nal concentration).   

   2.    siRNA  transfection   before in situ PLA (optional,  see   Note    3  ): 
Sediment 1.5–2 × 10 6  well-proliferating THP-1 cells and 
resuspend in 100 μl AMAXA nucleofection solution V. Add 
8 μl 20 μM siRNA solution (2.1 μg; DEP-1 siRNA or con-
trol siRNA), transfer in the (4 mm)  electroporation   cuvette, 
and pulse with the program V-01. Add immediately 0.5 ml 
complete cell culture medium. Disperse all cell clumps by 
repeated pipetting up and down, without foaming, to get a 
homogenous cell suspension and transfer the suspension 
into a well of a 6-well plate containing 2 ml complete 
medium, supplemented with Penicillin/Streptomycin. Add 
1.5–2 ml fresh medium the next day. After 2 days, prepare 
cells for analysis.   

   3.    Cell plating: Place coverslips in wells of a 12-well plate and add 
poly- L -lysine to each coverslip. 150 μl is suffi cient for covering 
the surface of 13 mm (ID) coverslips; the volume may need 
adjustment for larger areas ( see   Note    4  ). Incubate at room 
temperature for at least 1 h (or longer, e.g., over the cell star-
vation period). Wash wells twice with PBS. Sediment the 
starved cells and resuspend at a concentration of 1–2 × 10 5  cells 
in 120 μl serum-free medium. Add 120 μl of this solution per 
well to the coated coverslips and allow adhesion of the cells at 
room temperature for 10 min. Aspirate nonadhered cells and 
medium, and add 1.0 ml fresh serum-free medium per well 
(add FLT3  inhibitor   again at this stage, if required).   

   4.     Ligand   stimulation ( see   Note    5  ): Dilute FLT3  ligand   (FL) in 
serum-free RPMI1640 medium to 10 μg/ml (e.g., 13 μl 
100 μg/ml stock plus 117 μl medium for stimulation of 12 
wells). Label plate from bottom according to the different 
conditions, such as different  ligand   stimulation time points and 
unstimulated controls. Add 10 μl diluted  ligand   per well (fi nal 
concentration 100 ng/ml) for FL stimulation, starting with 
the sample with the longest incubation time (30 min), subse-
quently the shorter incubation times (after 10, 20, 25, and 
27.5 min for incubation of 20, 10, 5, and 2.5 min, respec-
tively) and place plate in the 37 °C, 5 % CO 2  incubator between 
additions. After 30 min, aspirate medium and wash once with 
1 ml ice-cold PBS, then place plate on ice.   
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   5.    For cell fi xation ( see   Notes    1   and   6  ), add 1 ml ice-cold 70 % 
ethanol to each well and incubate on ice for 1 h. Aspirate the 
ethanol and allow the plate to air-dry at room temperature for 
30 min. Store plate at 4 °C ( see   Note    7  ) or proceed directly to 
in situ PLA.   

   6.    In situ PLA staining procedure: All treatments are performed 
with the fi xed cells on coverslips in the 12-well plate. Make a 
ring around the cell layer with a wax pen and let dry for 
approximately 15 min until the ring is completely dry. Wash 
the fi xed cells once with 1 ml PBS. From now on the slides 
must not dry as this will lead to unspecifi c signals! To prevent 
drying of cells, liquids are removed from the cells with a pipet 
tip connected via a fl exible tube to a vacuum driven pump 
(in one hand) and fresh liquid is immediately added with a 
pipet (in the other hand).   

   7.    Blocking: Add one drop of DUOLINK blocking solution 
( see   Note    8  ), incubate in a wet chamber at 37 °C for 90 min.   

   8.    Primary antibody incubation ( see   Note    9  ): Dilute the primary 
antibodies 1:50 in the DUOLINK-antibody-solvent. Anti- 
FLT3 (S18, rabbit), and anti-DEP1 (AF1934, goat), 1 μl of 
each antibody per sample combined ( see   Note    1  ) in 48 μl 
solvent. Put the 50 μl diluted antibodies on each coverslip, 
incubate at 4 °C in a wet chamber overnight. Wash coverslips 
two times with DUOLINK wash buffer A (5 min incubation in 
each washing step).   

   9.    Secondary antibody-probe ( see   Note    10  ) incubation: For one 
sample, mix 8 μl anti-rabbit PLA “PLUS” probe and 8 μl anti- 
goat PLA “MINUS” probe with 24 μl DUOLINK antibody 
diluent. Put 40 μl on each coverslip, incubate at 37 °C in the 
wet chamber for 1 h. Wash coverslips two times with 
DUOLINK wash buffer A (5 min incubation in each washing 
step).   

   10.    Ligation: Per sample, mix 31 μl H 2 O, 8 μl DUOLINK-5× 
ligation buffer, plus 1 μl ligase. Add 40 μl of ligation mix to 
each coverslip and incubate at 37 °C for 30 min. Wash cover-
slips two times with DUOLINK wash buffer A (2 min incu-
bation in each washing step).   

   11.    Amplifi cation and detection: For one sample, mix 31.5 μl H 2 O, 
8 μl 5× DUOLINK amplifi cation buffer, and 0.5 μl polymerase. 
Add 40 μl of amplifi cation mix to each coverslip and incubate at 
37 °C for 100 min. Wash coverslips two times with DUOLINK 
wash buffer B (10 min incubation in each washing step). Wash 
coverslips once with DUOLINK wash buffer B, diluted 1:10 
with H 2 O (10 min incubation in the washing step).   

   12.    Mounting: Pipet 6 μl mounting solution containing 1 μg/ml 
HOECHST 33347 ( see   Note    11  ) on a microscope slide. Remove 
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the coverslip from the 12-well plate (use injection needle and 
forceps for lifting) and put it on the drop of mounting solution 
with the cell layer downwards facing the slide. Fix the coverslip 
with three to four drops nail polish around the edges.   

   13.    Microscopic imaging: For each experiment, acquire fi ve to ten 
images per condition of cell treatment using identical micro-
scope and camera settings ( see   Note    12  ). As a possible micro-
scope confi guration, an APOPTOME II Zeiss Imager Z1 
microscope (Carl Zeiss Microimaging, Jena, Germany), and a 
Plan Apochromat 40×/1.3 oil (DIC/UV VIS-IR M27) objec-
tive, or an AXIOVERT 200 M microscope (Carl Zeiss 
Microimaging, Jena, Germany) with an  EC   Plan Neofl uar 
40×/1.3 oil (DIC, M27) may be used, equipped with an 
AXIOCAM AutoCam MR Rev3 camera and Axiovision soft-
ware (release 4.8.2). For each image, acquire signals sequen-
tially in the red (e.g., excitation 540–550 nm, emission 
570–580 nm) and blue (e.g., excitation 359, emission 461) 
fl uorescence channel (for the RCP and Hoechst staining, 
respectively). Optionally, signals in additional channels may be 
recorded (e.g., to monitor cellular expression and distribution 
of the analyzed PTP and/or its interaction partner, or to obtain 
a reference for cell structures).   

   14.    Quantifi cation: Use TIF fi les generated in the red and blue 
fl uorescent channel for quantifi cation of the number of rolling 
circle amplifi cation products (RCP) per cell using BlobFinder 
(Version 3.2) ( see   Note    13  ) with the following settings: 
3 × 3 pixel mask for RCPs, detection of nuclei with minimum 
diameter of 100 pixels. Count all RCP signals in each individ-
ual image and divide this number by the number of nuclei to 
obtain an average of signals per cell. Generate means and stan-
dard deviations of the independently acquired images for each 
condition.   

   15.    Control experiments with transiently transfected cells: These 
experiments provided qualitative data for FLT3-DEP-1 interac-
tion, and allowed controls by performing in situ PLA with cells 
lacking  overexpression   of one potential interaction partner or 
of both (Fig.  3 ). A  substrate trapping   variant of hDEP-1 
(C1239S) was used to enhance interactions. Counterstaining of 
FLT3 was also employed in some cases to score transfected cells 
(Fig.  4 ,  see   Note    14  ). Place coverslips in a 12-well plate and 
incubate with a solution of  collagen   (100 μg/ml in PBS, sterile) 
at room temperature for 2 h. Wash two times with PBS. Seed 
1.2–1.5 × 10 5  HEK293 cells or 2.5 × 10 4  COS7 cells per well in 
1 ml medium. Perform transient transfection, e.g., with the 
polyethylenimine (PEI) method [ 36 ], with expression plasmids 
for hDEP-1 C1239S, and hFLT3 (in pcDNA3.1) using a total 
amount of 2 μg DNA per well. Allow expression for 24 h, then, 
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  Fig. 3    Control experiments for in situ PLA using  transfection   of only one or both interaction partners (DEP-1, 
FLT3) in HEK293 cells. HEK293 cells were transiently transfected with expression constructs for human FLT3 
or the C1239S “trapping” variant of human DEP-1, or both as indicated. Incubation with antibodies against 
both proteins and subsequent in situ PLA were carried out. Additionally, FLT3 (decorated with a rabbit antibody) 
was visualized by staining with FITC-labeled anti-rabbit-IgG ( green ). Note that a pronounced in situ PLA ( red ) 
occurs only in cells expressing both FLT3 and DEP-1C1239S. (Scale bar 5 μm)       

  Fig. 4    Specifi city of in situ PLA signals in transfected COS7 cells. COS7 cells were 
transiently co-transfected with expression constructs for human FLT3 and 
human DEP-1. Incubation with antibodies against both proteins and subsequent 
in situ PLA were carried out. Additionally, FLT3 (decorated with a rabbit antibody) 
was visualized by staining with FITC-labeled anti-rabbit-IgG ( green ). Note that a 
pronounced in situ PLA ( red ) occurs only in transfected cells, which are labeled 
 green  for FLT3 expression. (Scale bar 5 μm)       
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after washing with 1 ml ice-cold PBS, subject samples to 
fi xation with 70 % ethanol and perform in situ PLA as described 
in  steps 6 – 11 . Counterstain coverslips with FITC-labeled anti-
rabbit-IgG to visualize FLT3: Dilute antibody 1:600 in 1.5 % 
BSA in PBS. Add 50 μl per coverslip and incubate in the dark 
for 1 h in a wet chamber. Wash three times with PBS, then once 
with Milli-Q H 2 O, then proceed to mounting ( see   step 12 ).

            The  following    protocol   describes the detection of the interaction of 
endothelium-specifi c vascular endothelial- phosphotyrosine   phos-
phatase (VE-PTP) with the  RTKs   VEGFR2 or Tie2 in Human 
Umbilical Vein  Endothelial   cells (HUVEC), a human  endothelial 
cell   line endogenously expressing these three molecules at easily 
detectable levels. VE-PTP, VEGFR2, and Tie2 form a trimeric 
complex. VEGF, the  ligand   for VEGFR2, induces activation of 
VEGFR2 and dissociation from VE-PTP, enabling VEGFR2 signal-
ing in tip cells of the vessel sprout. In contrast, in stalk cells, where 
Ang1, the  ligand   for Tie2, is additionally present, the trimeric com-
plex is translocated to cell junctions, where VE-PTP dephosphory-
lates both activated  RTKs   (Fig.  5 ). The repression of  RTK   signaling 
at junctions is crucial for the maintenance of vascular quiescence. 
VE-PTP  knockdown   abolishes  RTK   silencing in junctions resulting 
in excess  RTK   signaling and loss of polarization of  endothelial cells 
(EC)   and of lumen formation [ 25 ].

   For the establishment of the in situ PLA protocol, different 
variables were tested ( see   Note    1  ). Control experiments using none 
or only one of the two primary antibodies as well as VE-PTP 
 knockdown   were also performed. Since this type of controls is of 
general applicability, these experiments are included below. The 
protocol is suitable to visualize association of VE-PTP and VEGFR2 
(see examples in [ 24 ,  25 ]) as well as VE-PTP and Tie2 (Fig.  5 ).

    1.     Ligand   stimulation of cells: HUVECs are seeded (50,000 cells 
per cm 2 ) in glass bottom 8-well chamber slides and cultivated 
until confl uent. They are then starved in MV2 medium with 
1 % FCS and without growth factor supplements for 2 h. 
Starved HUVECs  are   treated with 200 ng/ml COMP-Ang1 
for 30 min, or with 20 ng/ml murine VEGF164 for 5 min. 
Alternatively,  HUVECs   are incubated with 200 ng/ml COMP-
Ang1 for 30 min followed by addition of 20 ng/ml murine 
VEGF164 for 5 min.   

   2.    Fixation of cells:  HUVECs   are fi xed with 4 % PFA for 10 min at 
room temperature, and subsequently permeabilized with 0.2 % 
Triton X-100 in PBS for 5 min at room temperature ( see  
 Note    6  ). After several washes with PBS containing 0.1 % Tween 
20, the polystyrene vessels of the 8-well chamber slides are 
removed with the included removal tool. Be careful to never let 
the cells dry out during this procedure and at all later steps.   

3.2  In Situ PLA 
Detection of VE-PTP/
PTPRB Interaction 
with VEGFR2 or Tie2 
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  Fig. 5    Angiopoietin 1-mediated translocation of constitutive VE-PTP/Tie2 complexes to junctions of HUVEC 
 cells   visualized by in situ PLA. HUVECs were stimulated with VEGF and Angiopoietin 1 (Ang1) individually or 
in combination or left untreated (basal), followed by in situ PLA to detect VE-PTP/Tie2 complexes ( red dots )
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   3.    In situ PLA staining procedure: All following treatments are 
performed with the fi xed cells on 8-well chamber slides (with-
out the removable polystyrene vessel and in the wet chamber, 
 see   Note    15  ). Liquids are removed from the cells with a pipet 
tip connected via a fl exible tube to a vacuum driven pump 
(in one hand) and fresh liquid is immediately added with a 
pipet (in the other hand) to prevent drying of cells.   

   4.    Blocking: Add one drop of DUOLINK blocking solution 
per well of the 8-well slide, incubate in a wet chamber at 37 °C 
for 90 min.   

   5.    Primary antibody incubation: Dilute the primary antibodies in 
the DUOLINK-antibody-solvent (amounts for one well): Anti-
Tie2 (goat), 1 μl, anti-VE-PTP (rabbit), 1 μl and anti- ZO1 
(mouse), 0.25 μl combined ( see   Note    1  ) in 47.75 μl solvent. 
Alternatively, dilute anti-VEGFR2 (goat), 1 μl, anti-VE-PTP 
(rabbit), 1 μl and anti-ZO1 (mouse), 0.25 μl combined ( see  
 Note    1  ) in 47.75 μl solvent. Put 50 μl diluted antibodies per well 
( see   Note    16  ), incubate at 4 °C in the wet chamber overnight. 
Wash 8-well slides twice with DUOLINK wash buffer A (5 min 
incubation in each washing step) ( see   Note    17  ).   

   6.    Secondary antibody-probe ( see   Note    10  ) incubation: For one 
sample, mix 8 μl anti-rabbit PLA “PLUS” probe and 8 μl 
anti- goat PLA “MINUS” probe with 24 μl DUOLINK anti-
body diluent. Put 40 μl on each well of the 8-well slide, incu-
bate at 37 °C in a wet chamber for 1 h. Wash 8-well slides 
twice with DUOLINK wash buffer A (5 min incubation in 
each washing step).   

   7.    Ligation: Per sample, mix 31 μl H 2 O, 8 μl DUOLINK 5× 
ligation buffer, plus 1 μl ligase. Add 40 μl of ligation mix per 
well and incubate at 37 °C for 30 min. Wash 8-well slides twice 
with DUOLINK wash buffer A (2 min incubation in each 
washing step).   

   8.    Amplifi cation and detection: Per well, mix 31.4 μl H 2 O, 0.3 μl 
anti-mouse IgG-conjugated Alexa-488 (1:100, to detect anti-
 ZO1), 8 μl 5× DUOLINK amplifi cation buffer, and 0.6 μl 
polymerase. Add 40 μl of amplifi cation mix to each 8-well slide 
and incubate at 37 °C for 100 min. Wash 8-well slides twice 

Fig. 5 (continued) and stained for Zona occludens 1 (ZO1;  green ) to visualize cell-cell junctions. Scale bar 
10 μm. High magnifi cation  insets  show PLA products at junctions. It is known that Tie2 accumulates at cell-
cell contacts in response to Ang1 [ 41 ]. Moreover, as shown here, VE-PTP/Tie2 complexes are constitutive and 
evenly distributed within cells under basal conditions, but translocate to cell-cell junctions upon Ang1 stimula-
tion. VEGF stimulation also slightly contributed to this translocation. Together with results shown in Hayashi 
et al. [ 25 ], this shows that the three components (VE-PTP, Tie2 and VEGFR2) communicate to balance vascular 
quiescence preferentially at cell-cell junctions       
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with DUOLINK wash buffer B (10 min incubation in each 
washing step). Include 0.1 μg/ml HOECHST 33347 ( see  
 Note    11  ) in the second washing step. Wash 8-well slides once 
with DUOLINK wash buffer B, diluted 1:10 with H 2 O 
(10 min incubation in the washing step). This washing step can 
also be done with TBS.   

   9.    Mounting: Pipet approximately 50–100 μl Vectashield mount-
ing solution as a line over the rectangular coverslip. Starting 
from one side, lay the coverslip slowly down on the 8-well 
chamber slide, so that the mounting medium is covering the 
cells without air bubbles.   

   10.    Microscopic imaging: Analysis can be done with a Nikon Eclipse 
E1000 microscope (Nikon) with a Hamamatsu Digital Camera 
C10600 (Hamamatsu), or a LSM 510 Meta or a LSM 700 con-
focal microscope (Carl Zeiss, Oberkochen, Germany). A used 
confi guration of the Zeiss LSM700 comprised a Plan Apo 63× 
NA 1.4 oil objective, 488 nm excitation at 30 %, emission range 
505–530, pinhole size 190 μm, and 555 nm excitation at 30 %, 
emission range 566–615, with pinhole size 216 μm. A z-stack of 
six images was scanned with line scanning (scanning speed 4), 
 z -steps of 698 nm, and pixel size 95 × 95 nm.   

   11.    Control experiments: These experiments enable qualitative 
evaluation of the technique by performing in situ PLA on cells 
with knocked down expression of one potential interaction 
partner (VE-PTP, biological control) or by omitting one or 
both of the primary antibodies (technical controls).  Biological 
controls:  Seed cells in 8-well chamber slides as described under 
 step 1 . Perform transient  transfection   with Lipofectamine 
RNAiMax according to the manufacturer’s recommendations, 
using VE-PTP siRNA, Tie2 siRNA, Tie1 siRNA, or control 
siRNA with a total amount of 3 pMol siRNA per well. Change 
culture medium 6 h after  transfection   and culture cells for 
24 h, then subject samples to fi xation with 4 % PFA and per-
form in situ PLA as described in  steps 3 – 9 .  Technical controls : 
Perform in situ PLA as described in  steps 3 – 9 , but omit either 
the anti-VE-PTP antibody or the anti-Tie2 antibody or both 
primary antibodies (Example results can be found in [ 25 ]).   

   12.    Counterstain 8-well slides with anti-ZO1 and anti-mouse IgG 
conjugated to Alexa488 to visualize cell-cell junctions as 
described in  step 5 .    

4                                  Notes 

     1.    A generic strategy for establishing an in situ PLA assay using 
suitable controls is depicted in Fig.  6 . Some important aspects 
shall be outlined:
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   Antibodies used as primary binders should be pre-tested 
using conventional immunostaining protocols. Optimization 
should be guided by staining patterns refl ecting the correct 
localization with high intensity and low background and should 
include the check of different fi xation methods (e.g., ethanol, 
acetone, paraformaldehyde), permeabilization conditions 
(e.g., Triton X-100, ethanol, methanol), and of different block-
ing (e.g., respective normal sera, BSA, milk). Also time and 
temperature for incubation may be varied. 

When a protocol is found where both antibodies 
give optimal results, proceed to in situ PLA 

For optimal staining results, start with the antibody concentrations used in IF; 
now vary one or both of the primary antibodies until signal : noise-ratio is ideal

Optimize primary 
antibodies in IF

Negative controls

Positive controls

Blocking

Permeabilization

Fixation

Proteins of interest are present and 
interaction is known to occur constitutively

Fusion proteins containing epitopes of 
both proteins of interest

Cells treated with crosslinking agent

Proteins of interest are present, but 
interactions are impossible

Proteins of interest are present, but  
interactions are inhibited

Only one of the proteins of interest is 
present (e.g. knockout, knockdown)

Cells with interacting proteins, but where only 
one of the primary antibodies is applied

  Fig. 6    Schematic presentation of a generic strategy for establishing an in situ PLA assay. The strategy com-
prises initial experiments to establish selective  immunofl uorescence   protocols working with antibodies against 
both interaction partners. In subsequent in situ PLA experiments, several types of controls can be employed to 
ensure that in situ PLA signals are selective. Finally, optimization of signal-to-noise will be achieved by titrating 
antibodies once more. The individual steps are discussed in detail in the text       
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 For the immunostainings, always include controls without 
primary antibodies. Further useful controls may involve cells 
which do not express the antigen (e.g., cells from mice with 
knockout of the gene encoding the antigen), or cells treated 
appropriately to provoke known alterations in antigen levels. 
Note that for in situ PLA both primary antibodies have to 
work under the same conditions! 

 If you can chose freely whether the epitopes for detecting 
the interaction are on the inside or outside of the cell, choosing 
the outside will make it possible to omit the cell permeabiliza-
tion. However, then only proteins outside the cells are detected, 
e.g., internalized proteins will not be stained. If the antibodies 
recognize epitopes that are located on either side of the cell 
membrane (i.e., intra- and extracellular), then in the in situ 
PLA all oligonucleotides have to cross the membrane and ligate 
over it. Although this is not impossible [ 37 ] setting up an in 
situ PLA assay of this format will decrease the effi ciency. 
Also, the assay will be very sensitive to minor changes in the 
fi xation/permeabilization protocol. 

 For in situ PLA assays, again technical controls omitting 
both or only one primary antibody should be done. An exam-
ple for a negative control is, e.g., a cell, where the  interaction 
that should be detected is not induced by stimulation (Fig.  6 ). 
To optimize the signal-to-noise ratio, run experiments, where 
one antibody concentration is held constant, while the other 
antibody is decreased in concentration and vice versa. If no 
interaction can be detected at all, it should always be consid-
ered that the interaction may potentially block the antibody 
binding sites. To control, that the assay procedure as such is 
working correctly, two antibodies from two different species 
against two epitopes on the same protein may be used as this 
detection is not dependent on proximity. 

 Antibodies may suffer batch-to-batch and vendor-to-ven-
dor variations. Especially polyclonal antibodies are prone to 
variations between batches and it might be required to validate 
each batch again. Care should also be taken, when storing anti-
bodies: If they are stored at −20 °C, the storage buffer should 
contain glycerol to prevent them from freezing. Otherwise, 
aliquot the antibodies, freeze them only once, and store them 
at 4 °C after thawing. Aliquoting is also recommended when 
storing antibodies at 4 °C. Here addition of anti-bacterial 
agents, like sodium azide, is required to prevent bacterial 
growth in the antibody solution.   

   2.    Kinase  inhibition   was used to demonstrate that DEP-1-FLT3 
association depends on FLT3  kinase   activity (Fig.  7 ). Inhibition 
of upstream kinases may also be used as a general tool to 
demonstrate specifi city for PTP- substrate   interactions.
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       3.    In addition to controls described under  Note    1  , siRNA- 
mediated  knockdown   of one of the interaction partners can 
serve as control (Fig.  8 ). This may already be considered for 
establishing the immunostaining conditions. Since  knockdowns 
  are never complete, attenuation but not complete abolishment 
of the immunostaining/in situ PLA signal is expected.

       4.    Poly- L -lysine pre-coating of the coverslips was necessary to 
immobilize the THP-1 cells used in this study, which grow in 

  Fig. 7     Inhibition   of  FLT3   tyrosine kinase activity abrogates complex formation with DEP-1 PTP. FLT3  ligand  - 
stimulated complex formation of DEP-1 and FLT3 in THP-1 cells was detected as described in Fig.  1  except 
that cells in ( c ) and ( d ) were pre-incubated with the FLT3  kinase   inhibitor cpd.102 (2 μM). Cells in ( a ) and ( b ) 
were only pre-treated with vehicle (0.2 % DMSO). (Scale bar 10 μm)       
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suspension. Coating with  collagen   was instead used to improve 
adherence of COS7 and HEK293 cells throughout  transfec-
tion   and in situ PLA procedures. We generally recommend 
considering and testing pre-coating of the coverslips before 
starting with the in situ PLA experiments.   

   5.     Ligand   stimulation was specifi cally used here to test the effect 
on association of FLT3 with DEP-1. It may be generally con-
sidered to use activation of substrate  phosphorylation   by 

  Fig. 8     Knockdown   of DEP-1 PTP by siRNA attenuates complex formation with FLT3. THP-1 cells were subjected 
to  transfection   with control siRNA ( a  and  b ) or DEP-1 targeting siRNA ( c  and  d ). 48 h later, cells were starved 
and stimulated with FLT3  ligand   (or left unstimulated, as indicated). In situ PLA was performed as in Fig.  1 . Note 
that siRNA-mediated DEP-1  knockdown   (validated with immunoblotting) causes signal  reduction  , which 
further indicates specifi city of the detected complex formation. (Scale bar 5 μm)       
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appropriate modulation of upstream signaling for assessing its 
effect on PTP association.   

   6.    Different fi xation methods were tested. Fixation with PFA was 
not compatible with in situ PLA in case of the FLT3-DEP-1 
association study; no signals were obtained. In contrast, for the 
VE-PTP/Tie2 and VE-PTP/VEGFR2 experiments, fi xation 
with PFA and permeabilization with 0.2 % Triton X-100 were 
successful. Be aware of the infl uence fi xation, permeabiliza-
tion, and blocking have on the detected signals. In unfortunate 
antibody combinations, changing the fi xation method may 
completely change, where signals are detected. It is  therefore 
of outermost importance to include appropriate positive and 
negative controls at all steps.   

   7.    Storage of fi xed cells at 4 °C was possible for up to 14 days to 
still obtain robust in situ PLA signals. Longer storage may also 
be possible but was not tested.   

   8.    We have also used successfully 10 % normal donkey serum 
(compatible with primary antibodies from goat and rabbit) 
fi ltered through a 0.22 μm fi lter before use, and diluted in PBS 
with 1.5 % bovine serum albumin as blocking solution and 
antibody solvent.   

   9.    For detection of DEP-1-FLT3 interaction, alternative antibody 
combinations were tested. Specifi c but fewer in situ PLA signals 
were also obtained using another anti-DEP-1 antibody (mouse 
monoclonal 143-41, Santa Cruz sc-21761) in combination 
with rabbit anti-FLT3 S18 antibody. Another DEP-1 antibody 
(goat polyclonal C17, Santa Cruz sc-13798) as well as anti-
FLT3 rabbit polyclonal antibody C20 (Santa Cruz sc-479) 
were less satisfying in the immunostainings and were therefore 
not pursued for in situ PLA.   

   10.    In case secondary antibody probes are purchased separately, it 
is essential that among the appropriate species-selective probes, 
a “PLUS” and a “MINUS” probe are combined. 40 μl was just 
suffi cient to cover the wax pen-encircled area we have used. 
Drying has to be absolutely avoided! If required use somewhat 
larger volumes.   

   11.    Alternatively, DAPI can be used as stain for nuclei. Mounting 
solutions can be purchased with DAPI already included 
(Duolink ®  In situ Mounting Medium with DAPI, DUO82040). 
It should be avoided to stain the nuclei too intensely to pre-
vent “bleeding” of the signal into the red channel. HOECHST 
33347 may also be used at lower concentration (e.g., 0.1 μg/μl) 
for preventing too intense staining.   

   12.    Retrieving good images of a suffi cient number of cells will be 
critical for obtaining statistically signifi cant results. Before 
starting, it is important to consider, which microscope to use 
for acquiring the images, and in what mode to run the micro-
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scope. For single cell layers it is often suffi cient to use conven-
tional epifl uorescence microscopes. For taking the image, 
either a focussed layer with the highest amount of signals is 
chosen or z-stacks are taken to acquire all images spread over 
the whole depth of the cell. If signals need to be analyzed in 
thicker slices (e.g., tissue sections) or a high spatial resolution 
is required, it is also possible to apply confocal microscopy. 
Note that the image analysis method ( see   Note    13  ) needs to be 
compatible with the microscopy method. Also Selective Plane 
Illumination Microscopy (SPIM) may be used (especially for 
thick tissue sections or pieces). 

 When acquiring the images it is of outermost importance 
to keep the exposure time and all other settings of the channel 
with in situ PLA signals constant between different positions 
on the same slide, but also between different controls belong-
ing to the same experiments. If the same experiment is run 
several times, it should even be possible to keep the exposure 
time constant between experiments as the brightness of in situ 
PLA signals is very reproducible under the same experimen-
tal conditions. For images detecting the cell nucleus, it is desir-
able to also keep the exposure time constant. However, some 
stainings, e.g., HOECHST staining for cell nuclei, bleach fast and 
may make it impossible to keep the exposure time constant. 
In these cases it is also acceptable to use the “automatic” 
exposure time to acquire images from the cell nuclei, which 
was routinely done throughout the DEP-1-FLT3 study. 

 A fi nal issue concerns choice of the regions to image, and 
the number of images which should be analyzed per condition. 
To avoid subjective bias in choosing the imaged regions, they 
should be selected in the nuclei channel. Five to ten images per 
condition were found suffi cient for statistical analysis in our 
experiments.   

   13.    A common public-domain software tool to analyze in situ PLA 
signals is designated “Blobfi nder” (  http://www.cb.uu.
se/~amin/BlobFinder/    ). A more advanced commercial soft-
ware version is the “Duolink image tool” (  http://www.olink.
com/products-services/duolink/how-use-duolink/software    ). 
These analysis tools use either individual TIF or zvi images and 
can also generate maximum intensity projections (MIPs) from 
z-stacks. For each position that should be analyzed, an image 
(or z-stack) from the channel, which is used to detect the cell 
nuclei, and an image (or z-stack) from the in situ PLA signal 
channel are required. The software defi nes the nuclei and the in 
situ PLA signals [ 38 ] and offers the possibility to defi ne the cell 
cytoplasm as amount of pixels with a certain distance from the 
nucleic border. In the output fi le, it can be chosen, whether the 
signals are counted per cell and in the background or per image. 
An example for analysis by Blobfi nder is shown in Fig.  9 .
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   Another tool to analyze images for in situ PLA signals is 
CellProfi ler [ 39 ,  40 ]. This software tool from the Broad Institute 
(  http://www.cellprofi ler.org/    ) allows the user to build user- 
specifi c image analysis pipelines using different building blocks. 
With this tool, it is also possible to include steps to detect the 
cytoplasm from a counterstaining. The homepage offers even 
some pre-made pipelines to use as a starting point. 

 Also other image analysis software may be applied to ana-
lyze in situ PLA images: For example, ImageJ can be applied to 
count speckles and nuclei and in that way create own Plugins 
or Macros to analyze images. 

 Please be aware of the fact that, due to binding effi ciencies 
of less than 100 % of the different components of the assay, 
only a small fraction of all interactions that occur in a cell are 
detected by in situ PLA. However, it can be assumed that the 
amount of detected RCPs is proportional to the amount of 
 protein-protein interactions   in that cell.   

   14.    Counterstaining to monitor additional informative cell fea-
tures can be done and the corresponding  immunofl uorescence   
can be layered on top of the in situ PLA signal. For example, 
after the detection step, it is possible to either detect primary 
antibodies employed for in situ PLA with a fl uorescently 
labeled secondary antibody to reveal the localization of the 

  Fig. 9    Automatic assignment of cell areas by BlobFinder for quantifi cation of in situ PLA RCA signals. ( a ) An 
example image from the detection of FLT3 DEP-1 complexes in FLT3  ligand  -stimulated cells ( red channel —
RCA signals;  blue channel —HOECHST 33347 staining of nuclei) is shown. ( b ) BlobFinder analysis of the image 
revealing cell assignment ( green circles ) and RCA signals recognized by the program ( red ). Quantifi cation of 
RCA signals per cell is based on these assignments. (Scale bar 10 μm)       
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total pool of one or the other interaction partner. Also, a third 
primary antibody, either directly labeled or from a third spe-
cies, which is subsequently detected with a fl uorescently labeled 
species-specifi c antibody can be applied. Obviously, it is impor-
tant to choose a fl uorescent label different from the PLA label. 
Also, the staining should be performed in the dark as the in 
situ PLA signals are light sensitive. However, apply these addi-
tional stainings late in the experiment series, i.e., after in situ 
PLA has been established for your proteins of interest. Always 
prepare samples with and without stainings in order to be able 
to compare and test if the PLA signal is altered by the stain-
ings. In addition, add one extra staining at a time and compare 
between no extra staining, one and several extra stainings etc., 
always making sure that your PLA signal is similar between 
those different conditions.   

   15.    The procedure can also be performed in 2-, 4-, or 6-well chamber 
slides according to your needs.   

   16.    The antibody solution should cover the wax pen-circled area 
completely and drying has to be avoided. We have used 
routinely 50 μl but lower volumes are possible with some 
experience when required.   

   17.    Washing can also be done by hanging the whole slide into the 
washing buffer. This is faster, but should only be done if cells 
attach very tightly to the slide. Alternatively, the washing buffer 
can be pipetted on each well separately.           
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    Chapter 14   

 Use of Dominant-Negative/Substrate Trapping PTP 
Mutations to Search for PTP Interactors/Substrates                     

     Vegesna     Radha      

  Abstract 

   Phosphorylation of proteins on tyrosine residues is the consequence of coordinated action of tyrosine 
kinases (TKs), and protein tyrosine phosphatases (PTPs). Together, they regulate intermolecular interac-
tions, subcellular localization, and activity of a variety of proteins. The level of total protein-associated 
tyrosine phosphorylation in eukaryotic cells is only a small fraction of the total phosphorylation. PTPs, 
which have high specifi c activity compared to tyrosine kinases, play an important role in maintaining the 
tyrosine phosphorylation state of proteins and regulate signal transduction pathways and cellular responses. 
PTPs depend on specifi c invariant residues that enable binding to substrates phosphorylated at tyrosine 
and aid catalytic activity. Identifi cation of PTP substrates has helped understand their role in distinct intra-
cellular signaling pathways. Because of their high specifi c activity, the interaction between tyrosine phos-
phatases and their substrates is often very transient in the cellular context, and therefore identifi cation of 
physiological substrates has been diffi cult. Single-site mutations in the enzymes stabilize interaction 
between the enzyme and its targets and have been used extensively to identify substrates. The mutations 
are either of the catalytic cysteine (Cys) residue or other invariant residues and have been classifi ed as 
substrate-trapping mutants (STMs). These mutants often serve as dominant negatives that can inactivate 
effector functions of a specifi c PTP within cells. Considering their association with human disorders, inhib-
iting specifi c PTPs is important therapeutically. Since the catalytic domains are largely conserved, develop-
ing small-molecule inhibitors to a particular enzyme has proven diffi cult and therefore alternate strategies 
to block functions of individual enzymes are seriously being investigated. We provide a description of 
methods that will be useful to design strategies of using dominant-negative and substrate-trapping mutants 
for identifying novel interacting partners and substrates of PTPs.  

  Key words     Protein tyrosine phosphatases  ,   Dominant negative  ,   Substrate-trapping mutants  ,   Substrate 
identifi cation  ,   Interacting proteins  ,   Phospho-tyrosine  

1      Introduction 

   Studies  carried    out   over the last quarter of a century have high-
lighted the role of  protein tyrosine phosphatases (PTPs)   as key 
players in signaling events that regulate a variety of cellular func-
tions [ 1 ,  2 ]. Genome  sequencing  , genetic, and biochemical studies 
have shown their presence across all classes of life forms including 
the prokaryotes. In humans, 38 classical tyrosine-specifi c forms are 
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known and about 60 more with dual specifi city, which can dephos-
phorylate  phospho-serine (p-Ser)   and  phospho-threonine (p-Thr)   
in addition to  phospho-tyrosine (p-Tyr)   [ 3 ]. In addition, enzymes 
that dephosphorylate lipids and carbohydrates share catalytic 
domains with  PTPs   [ 4 ]. In mammalian cells,  phosphorylation   at 
tyrosine residues forms a very small fraction of total acid-stable 
 phosphorylation   on proteins, and it has been shown that  PTPs 
  have an order of magnitude higher activity compared to the  tyro-
sine kinases   [ 5 ]. It may also be noted that contraindicatory to its 
catalytic function, the activation of  PTPs   can enhance tyrosine 
 phosphorylation   status of cellular proteins because of their ability 
to activate  tyrosine kinases   [ 6 ,  7 ]. Identifying the substrates and 
interacting partners of  PTPs   has been crucial to understand their 
distinct role in signaling to cellular responses [ 2 ]. In vitro,  PTPs 
  dephosphorylate a variety of substrates, but show high selectivity 
in the cellular context [ 8 ]. Residues adjoining the p- Tyr   in the 
target, subcellular localization, presence of non-catalytic regula-
tory domains, dimerization,  protein-protein interactions  , and 
posttranslational modifi cations are determinants of substrate selec-
tivity for the  PTPs   [ 8 ,  9 ]. Though the catalytic domain of  PTPs   is 
specifi c for recognition of p- Tyr  , it does so with 10,000-fold 
greater affi nity for p- Tyr   in proteins and peptides compared to free 
p- Tyr  . This higher affi nity is due to interaction of amino acids in 
the catalytic cleft with residues fl anking the p- Tyr   in protein targets 
[ 10 ]. Unlike in the case of  tyrosine kinases   it is diffi cult to identify 
or predict a tyrosine phosphatase that targets a specifi c protein 
based on the primary sequence adjoining the p- Tyr   in the sub-
strate. Using peptide libraries, it has been shown that electrostatic 
interaction between basic residues near the catalytic site and acidic 
residues, generally N-terminal to the p- Tyr   in the substrate, deter-
mines target selectivity of  PTPs   [ 8 ]. 

 A stretch of about 280 amino acids constitute the catalytic 
domain of p- Tyr  -specifi c  PTPs  , and invariant residues essential for 
catalytic activity are Cys and arginine (Arg) in the  signature motif   
at the base of the catalytic cleft; aspartate (Asp) in the WPD loop; 
and glutamate (Glu) in the Q loop, which form the sides of the 
cleft [ 4 ]. In addition, the catalytic domain has a p- Tyr   recognition 
motif which is responsible for substrate selectivity, as well as other 
conserved residues which provide structural stability to the cleft. 
The depth of the cleft determines the specifi city of the enzyme 
towards p- Tyr  , or p- Ser  /p- Thr   [ 11 ]. Structural and biochemical 
analysis using mutants has revealed the exact steps involved in 
 catalysis  , which is conserved across all  PTPs   [ 10 ]. 

 The transient nature of the enzyme substrate complex has 
made the task of researchers attempting to identify interacting 
partners and substrates of  PTPs   diffi cult. Few attempts at identify-
ing substrates using wild-type (WT)-PTP in interaction assays 
have been successful [ 12 ]. Generation of mutant enzymes that 
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lack or have poor catalytic activity and therefore form stable com-
plexes with their substrates has been the principle of  substrate-
trapping   mutants (STMs) (Fig.  1 ). These have been extremely 
helpful in identifying substrates and therefore enabled under-
standing of the physiological functions of specifi c  PTPs   [ 13 – 16 ]. 
Mutation of residues essential for catalytic activity like Cys or Arg 
in the P-loop; Asp in WPD; and Glu in the Q-loop results in STMs 
[ 17 ,  18 ]. In some instances, mutations in other residues like 
Thr466 in SHP2 and Tyr676 in PTPH1 also serve as STMs [ 19 , 
 20 ]. It is important that the mutation does not alter the site or 
substrate-binding specifi city of the enzyme [ 17 ]. Very often, 
mutation of two residues has improved their ability to function as 
an STM. The effectiveness of single and double mutants as sub-
strate traps is different for individual  PTPs  . The ideal residue/s to 
be mutated to generate STM in the case of each enzyme has to be 
examined, as it has been found that simple inhibition of activity is 
not suffi cient to cause  substrate trapping  . Cloning of STM PTPs 
into  adenovirus   and lentiviral expression systems has enabled very 
effi cient expression of the variants and more effectiveness in fi nd-
ing interacting proteins. These mutants have also been helpful in 
obtaining complexes of enzyme- substrate for structural studies 
and also to isolate specifi c  inhibitors   [ 21 ,  22 ]. Because of their 

  Fig. 1    Schematic fi gure showing principle of using STMs for identifying interacting partners of PTPs. While the 
WT enzyme acts on the substrate transiently to release the  phosphate  , the STM binds to the phospho- substrate 
and forms a stable complex which can be isolated. Formation of a stable complex and absence of  dephos-
phorylation   of the target in the cellular context inhibit downstream signaling and therefore STM mutants func-
tion as  dominant negatives         
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ability to form stable complexes, STMs are useful in determining 
subcellular location at which  dephosphorylation   occurs.

   In addition to catalytic site mutants, residues outside the cata-
lytic cleft that are involved in substrate binding also serve as good 
STMs [ 23 ]. Mutations generated in non-catalytic domain that dis-
able interaction with cellular proteins are useful in identifying 
interacting partners of  PTPs   that are not necessarily substrates [ 24 , 
 25 ]. Very often, STMs function as  dominant negatives   to inhibit 
cellular functions of the enzymes. But not all STMs have known 
cellular consequences that are  inhibitory   to downstream signaling 
[ 26 ]. In these instances, other strategies of generating  dominant 
negatives   are employed, and are also validated using  knockdown   
approaches. Some  dominant-negative   variants have also helped 
understand fi ne-tuned regulation of signaling involving inhibitory 
feedback loops [ 27 ]. 

 It is interesting to note that naturally occurring catalytic inac-
tive forms of  PTPs   have been identifi ed to function as  dominant 
negatives   to block function of the active isoform suggesting that 
nature also uses  dominant-negative   strategies to regulate signaling 
by  PTPs   [ 28 ]. Some of the  pseudophosphatases   also function 
through protein interactions and show signaling activity indepen-
dent of catalytic activity [ 29 ]. 

 Therefore, it is important that for any specifi c  PTP   being studied, 
various mutants are checked and optimized for effi cacy. A high-
effi ciency STM of the  PTP   should have high substrate binding 
affi nity (i.e., low Km); low rate of dissociation (i.e., low Kd); and 
low enzyme activity (i.e., low Kcat). Effi cacy of binding can be 
determined in vitro using  phosphopeptides   or artifi cial substrates 
through methods like isothermal calorimetry [ 30 ]. In the case of 
some  PTPs  ,  dephosphorylation   of a substrate is dependent on 
interaction of its non-catalytic sequences which enables association 
of the enzyme with its substrate or subcellular organelles where the 
substrate is present. A good example of this is seen in the case of 
TC48 isoform of PTPN2/TC-PTP which dephosphorylates Bcr- 
Abl, but not c-Abl or its activated forms [ 31 ]. This difference is 
due to the ability of TC48 to interact with Bcr domain of Bcr-Abl, 
which enables the enzyme and the substrate to be brought together. 
SHP2 also dephosphorylates substrates dependent on interactions 
with its substrate through its SH2 domain [ 32 ]. In identifying 
such interactions, truncated  PTPs   lacking the catalytic domain can 
be used as  dominant-negative   variants. 

 Once the appropriate mutant is generated by cloning in bacte-
rial or  eukaryotic expression   vectors, with a tag, it can be used to 
identify previously unknown interacting partners. It can be tested 
for interaction with a known protein substrate prior to using it for 
fi nding novel substrates. The bacterial GST- fusion protein   
(GST-FP) expression system is often used to enable purifi cation of 
the protein for in vitro interaction (Fig.  2 ). The substrate pool to 
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be used in the interaction assays is usually lysates of cells known to 
express the  PTP  , and treated with agonists  or   phosphatase inhibi-
tors to increase tyrosine  phosphorylation   of all likely targets. This 
is essential, as the catalytic site of  PTPs   is designed to interact only 
with proteins phosphorylated on tyrosine residues. Having enabled 
the enzyme substrate interaction, the complex is isolated using 
glutathione-agarose beads to which the GST- PTP   is coupled and 
resolving the bound protein and detecting them by  Western blot-
ting   with anti-p- Tyr   antibodies. The substrate trapped with the 
 PTP   can be identifi ed by informed guess based on their molecular 
weight, or by carrying out  mass spectroscopy   analysis [ 33 ]. 
Interaction in the cellular context is generally identifi ed by overex-
pressing the tagged STM  PTP  , carrying out  immunoprecipitation  , 
and then identifying the associated proteins (Fig.  3 ). The STM can 
also be used in an  yeast  -2-hybrid system to isolate novel interacting 
partners [ 34 ].

    A large number of  PTPs   have been implicated in human disor-
ders and therefore identifying the regulators and signaling  effectors 
is of interest [ 35 ]. In situ interactions in distinct subcellular regions 

  Fig. 2    Schematic showing steps involved in identifying molecules that interact 
in vitro with  substrate-trapping   mutant PTP.    GST fusion proteins of the WT and 
STM constructs of the PTP in study are expressed in  E. coli  and purifi ed by cou-
pling to glutathione agarose beads. Cell lysates are prepared, and incubated with 
the beads. The beads are obtained after washes and bound proteins from the 
lysates recovered by boiling in SDS-PAGE buffer.  Western blotting   is used to 
detect the proteins which are then compared between pull downs carried out 
using WT and mutant PTPs       
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can be identifi ed by  overexpression   and colocalization using  immu-
nofl uorescence   methods like colocalization analysis, FRET, and 
BRET [ 14 ] (Fig.  4 ). In this chapter, we provide a description of 
methods that will be useful to design strategies for using STM and 
dominant mutants of  PTP   to identify novel cellular interacting 
proteins and substrates. Methods to validate these molecules using 
various assays are also described. Though the strategies described 
in this chapter refer to  PTPs  , they can also be applied to dual-
specifi city phosphatases and low-molecular-weight phosphatases.

2       Materials 

 All solutions are made in autoclaved deionized water and stocks are 
stored after autoclaving.

    1.    GST-FP expression vector with WT and mutant  PTP  , and 
parental vector.   

   2.    Glutathione sepharose beads.   

  Fig. 3    Schematic showing steps involved in identifying molecules that interact 
in vivo with  substrate-trapping   mutant PTP. Mammalian cells are transfected 
with the WT or STM-PTP of interest and  immunoprecipitation   carried out using 
anti-tag or anti-PTP antibodies. Associated proteins are examined by  western 
blotting   using anti-p- Tyr   or phospho-site-specifi c antibodies. Lysates are pre-
pared in the presence or absence of vanadate/agonists       
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   3.    Isopropyl β- D -1-thiogalactopyranoside (IPTG).   
   4.    Media and reagents for growth of mammalian cells in culture.   
   5.    Exponentially growing mammalian cells which possess likely 

interacting partners and substrates of the specifi c  PTP  , or tissue 
from which a substrate is to be identifi ed. This can be decided 
based on cell type and tissue-specifi c expression of the  PTP 
  being studied.   

   6.    Pervanadate solution: Stock freshly made by combining equal 
volumes of 100 mM sodium orthovanadate and 100 mM 

  Fig. 4    Distinct substrate specifi city shown by isoforms of TC-PTP and identifi cation of Bcr-Abl as a substrate 
of TC48 and not its nuclear isoform, TC45:    GFP- tagged   WT and STM mutants of TC48 and TC45 are co- 
expressed with Bcr-Abl and stained to detect Abl ( blue ) and p-Abl ( red ). TC48 expression results in  dephos-
phorylation   of Bcr-Abl, and therefore no p-Abl is seen; also no colocalization is seen with Bcr-Abl. 
TC48D-A-expressing cells show no  dephosphorylation   of Bcr-Abl, but showed colocalization with Bcr-Abl. 
Expression of either TC45 or TC45D-A showed no  dephosphorylation   of Bcr-Abl indicating that Bcr-Abl is not 
a substrate of the nuclear phosphatase. Subcellular localization of the  PTP   enables substrate  dephosphoryla-
tion   and STM mutants show colocalization with their substrates       
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H 2 O 2 , and added to cells at a concentration of 50 μM within 
5 min of preparation.   

   7.    Anti-p- Tyr  -,  PTP  -, or Tag-specifi c antibodies, and antibodies 
to likely targets. Wherever available, phospho-site-specifi c anti-
bodies can be used.   

   8.     Protease inhibitor   cocktail.   
   9.    Reagents for SDS-polyacrylamide gel electrophoresis (SDS- 

PAGE) and  Western blotting  .   
   10.    Enhanced chemiluminescence kit.   
   11.    Nitrocellulose or PVDF membranes for protein transfer.   
   12.    Phosphatase  inhibitors,   NaF, Na 3 VO 4 , iodoacetamide/iodo-

acetic acid (IAA).   
   13.    Lysis buffer: 10 mM Tris pH 7.4, 150 mM NaCl, 5 mM 

EDTA, 1 mM PMSF, 1 % Triton X-100, 0.1 % BSA, 5 mM 
IAA, 2 mM sodium orthovanadate, 10 mM NaF, and  protease 
inhibitors   (this buffer is freshly prepared from stocks; phospha-
tase  inhibitors   and  protease inhibitors   are added just before 
use).   

   14.    Wash buffer: 20 mM Tris pH 7.4, 150 mM NaCl, 10 % glyc-
erol, 0.1 % Triton X-100, and  protease inhibitors  .   

   15.     Phosphate  -buffered saline (PBS): 1.85 mM NaH 2 PO 4 , 8.4 mM 
NaHPO 4 , 137 mM NaCl, and 2.7 mM KCl, pH 7.4.   

   16.    WT- PTP   and STM-PTP cloned in  eukaryotic expression   vec-
tor (preferable to use a tag that will enable  immunoprecipita-
tion   with tag-specifi c antibody).   

   17.     Immunoprecipitation   (IP) buffer: 20 mM Tris pH 7.4, 1 % 
Triton X-100; 5 mM EDTA, 0.1 % BSA; 150 mM NaCl; 1 mM 
PMSF, 1 mM Na orthovanadate or 1 mM IAA, EDTA-free 
protease  inhibitor  .   

   18.    GFP  agarose   conjugated beads; or protein A/G Plus agarose 
beads.   

   19.     Transfection   reagents.   
   20.    Antibodies to  GFP   and control IgG; anti-p- Tyr   antibodies; or 

other required primary and secondary antibodies.   
   21.    1× SDS sample buffer: 60 mM Tris pH 6.8; 2 % SDS, 10 % glyc-

erol, 5 % β-mercaptoethanol, and 0.005 % bromophenol blue.   
   22.    Staining solution: 0.1 % Coomassie Brilliant Blue R-250 

(CBB), 50 % methanol, and 10 % glacial acetic acid.   
   23.    Destaining solution: 40 % methanol and 10 % glacial acetic acid.   
   24.    Transfer buffer: 39 mM glycine, 48 mM Tris–HCl, 0.0375 % 

SDS, and 20 % methanol.   
   25.    Ponceau S solution: 10× stock containing 2 % Ponceau S, 30 % 

TCA, and 30 % sulfo-salycylic acid in H 2 O.   
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   26.    TBST: 10 mM Tris pH 8.0, 150 mM NaCl, 0.1 % Tween.   
   27.    Blocking solution: 5 % Blotto or 2 % BSA in TBST ( see   Note 1 ).   
   28.    Deprobing buffer: 62.5 mM Tris pH 6.8, 2 % SDS, and 

100 mM β-mercaptoethanol in H 2 O.      

3    Methods 

 Based on studies of a large number of  PTPs  , we have some hints on 
the residues which are to be mutated or regions to be deleted to 
generate STMs or  dominant-negative   forms. It has been found 
that mutation of Asp to Ala functions better than Cys to Ala/Ser 
in those enzymes where substrate recognition is primarily restricted 
to residues immediately surrounding the  phosphorylation   site. 
Examples of such enzymes are  PTP1B  , TC-PTP, and PTP- 
PEST. For enzymes in which the recognition is dependent on con-
tacts distal to the Tyr, the Cys-to-Ser mutant generally forms a 
complex stable enough to be isolated. The residues Cys, Asp, and 
Trp are usually mutated to Ala or Ser, and Tyr to Phe ( see   Note 2 ). 
For identifying interactions involving non-catalytic domains of 
 PTPs  , deletion constructs lacking catalytic sequences can be used 
in interaction assays. 

   This  method   is dependent on isolation of recombinant STM with 
a tag (usually GST)  that   enables purifi cation and incubation with a 
lysate of cells or tissues that have likely substrates of the phospha-
tase. The main steps involved are shown in Fig.  2 . To ensure that 
the likely substrates are phosphorylated, the lysates may be made 
after treatment with agonists or with pervanadate (PV), an irre-
versible  inhibitor   of  PTPs   [ 36 ,  37 ]. PV treatment results in a large 
number of cellular proteins being stably phosphorylated on Tyr. 
The steps include expression and purifi cation of recombinant pro-
teins ( steps 1 – 3 ), followed by  western blotting   ( steps 4 – 8 ).

    1.    Grow GST and GST- FP   expressing cultures of BL-21(DE3) 
strain of  E. coli  overnight, dilute 1:20, and incubate until an 
OD of ~0.4, at 600 nm is reached. Add 1 mM IPTG to the 
exponentially growing cultures and induce for 3–4 h at 37 °C 
( see   Note 3 ). Harvest the cells by centrifugation, suspend in 
1 ml of cold PBS containing  protease inhibitors  , and sonicate 
with 5-s bursts on ice at 30-s intervals. Add Triton X-100 to a 
fi nal concentration of 1 % and leave on ice for 20 min. 
Centrifuge at 10,000 rpm for 20 min, and transfer the super-
natant into fresh Eppendorf tubes. Add 20 μl (50 % slurry) of 
glutathione agarose beads and incubate by slow tumbling for 
30 min–1 h at 4 °C. Collect the beads coupled to  either   GST 
or the GST FPs (WT and STM) by washing thrice in cold PBS, 
and centrifuging at 2000 rpm for 1 min each time. The beads 

3.1  In Vitro 
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can be stored in PBS containing  protease inhibitors  , 1 mM DTT, 
and 10 % glycerol at 4 °C ( see   Note 4 ). Examine a small aliquot 
(5 μl) of the coupled beads by running on SDS-PAGE and 
staining with CBB to approximately quantitate the protein, and 
ensure that it is not degraded.   

   2.    Plate mammalian cells that are proposed to be used for detecting 
 PTP  -interacting proteins in a 100 mm dish at 30–40 % confl u-
ence. The following day, exponentially growing cells are either 
left untreated or treated with PV (50 μM, 10–20 min), and 
washed in cold PBS. Lyse the cells immediately on ice for 
10 min by adding 1 ml lysis buffer. Transfer to an Eppendorf 
tube and vortex the lysate to ensure complete solubilization. 
Add DTT to the lysate at a fi nal concentration of 1 mM (to 
inactivate unreacted iodoacetic acid) and collect supernatant by 
centrifugation at 15,000 rpm for 10 min at 4 °C. Distribute the 
supernatant equally to three fresh 1.5 ml tubes and add required 
quantity (equivalent to about 2 μg of the bound protein) of 
GST-    or GST-FP-coupled beads. Rotate the tubes on a roto-
torque at 4 °C for 4–6 h and collect the complexes associated 
with the beads by washing thrice in 1 ml of wash buffer. Elute 
the bound proteins by boiling in 1× SDS sample buffer.   

   3.    Subject the samples to SDS-PAGE (8–10 % is most suitable to 
obtain a profi le of the polypeptides) and carry out  western 
blotting   using anti-p- Tyr   antibodies or antibodies specifi c to 
likely interacting proteins/substrates. Polypeptides positive for 
p- Tyr   in lysates incubated with STM mutant and not seen  in   
WT or GST incubated samples can be considered as specifi c 
substrates. The identity of the interacting proteins/substrates 
is to be determined using specifi c antibodies or by subjecting 
the co-purifi ed proteins to mass spectrometric analysis.   

   4.    Resolve proteins on an 8–10 % SDS-PAGE gel and transfer to 
nitrocellulose membrane using a semidry apparatus. Place the 
gel on nitrocellulose or PVDF membrane cut to the size of the 
gel and place in between seven layers of Whatman 1 fi lter paper 
on either side, soaked in transfer buffer, and apply a current of 
1 mA/cm 2  for 1–2 h ( see   Note 5 ). Stain the membrane using 
Ponceau S solution to visualize effi cient transfer of proteins 
and mark the position of the molecular weight markers. Wash 
the stain off with water and place the blot in blocking solution 
for 1 h at RT, or overnight at 4 °C. When phospho-antibodies 
are used, 2 % BSA and phosphatase  inhibitors   (50 mM NaF, 
and 5 mM Na 3 VO 4 ) in TBST are used as blocking solution.   

   5.    Carry out primary and secondary antibody incubation in 
blocking solution, diluted 1:10 in TBST, for 1–2 h at room 
temperature, or overnight at 4 °C. Give three washes of 5 min 
after each step. All incubations and washes are carried out on a 
platform shaker with suffi cient volume of the solutions.  Include 
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  phosphatase inhibitors in TBST during the washes when prob-
ing with phospho-antibodies. Detect antibody-bound proteins 
using western lighting chemiluminescence as instructed by the 
manufacturer ( see   Note 6 ). Quantitate the bands for compari-
son of intensity, using Image J Software. Deprobe the blots 
prior to blotting using an alternate antibody. For deprobing, 
wash the blots in deprobing buffer for 30 min at 50 °C on a 
shaker water bath. Remove the deprobing solution and wash 
the blots in TBST several times at room temperature. The 
removal of antibodies is examined by checking for the presence 
of any residual signals.   

   6.    For analyzing bound proteins using  mass spectrometry (MS)  , 
fractionate the eluted proteins on an SDS-PAGE, and detect 
polypeptides by CBB staining that enables subsequent peptide 
identifi cation ( see   Note 10 ). Excise stained protein bands from 
gels and digest with trypsin. Elute the tryptic peptides and 
concentrate before reconstitution in 10 μl of 1 % formic acid. 
Subject the samples to MS and identify the peptides by data-
base search. Generally, proteins that are matched by the pres-
ence of two or more unique peptides are considered positive. 
Detailed method is given below.   

   7.    In vitro interactions using recombinant  PTPs   can also be 
attempted using Far- Western blotting   [ 38 ]. For this, incubate 
 purifi ed   GST/GST- PTP   protein with blots onto which 
untreated and PV-treated cell lysates have been transferred. 
After three washes in TBST, incubate with anti-GST or anti- 
 PTP   antibodies, and appropriate secondary antibodies. The 
polypeptides detected specifi cally in PV-treated samples in 
blots incubated with purifi ed GST- PTP   will likely be the mol-
ecules with which the  PTP   binds.   

   8.    GST-FPs are eluted from beads (obtained as described in pre-
vious section) by shaking with 50–100 μl of 5 mM glutathione 
made in 50 mM Tris–HCl, pH 9.0 for 1–2 min. The beads are 
spun down and the eluted protein present in the supernatant 
quantitated and also checked on SDS-PAGE for degradation. 
The pure protein can be stored frozen in buffer containing 
50 % glycerol and 1 mM fi nal concentration of DTT (to pre-
vent  oxidation   of enzymes). The polypeptides to which the 
STM binds can subsequently be identifi ed by MS.    

     The in vitro assay systems are likely to result in some nonspecifi c 
interactions as the enzyme and substrate are brought together 
artifi cially and may not see each other within cells. Therefore, iden-
tifi cation of true substrates has depended on detecting molecules 
that can be co-precipitated with the  PTP   from cell lysates. 
Expression of STM- PTP   in cells will prevent  dephosphorylation   of 
its specifi c substrates and therefore the cellular proteins need not 

3.2  Identifi cation 
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necessarily be artifi cially phosphorylated by PV treatment or 
expression of a kinase. The steps involved are shown in Fig.  3 .

    1.    Transfect mammalian cells (HEK293 or Cos generally), plated 
in 60 mm dishes as per the manufacturer’s instructions with 
WT or STM-PTP. After 30–48 h (with or without agonist/PV 
treatment for the required time) lyse the cells in IP buffer 
(600 μl) ( see   Note 7 ). Vortex the lysates and leave on ice for 
10 min before centrifugation at 15,000 rpm for 15 min at 
4 °C. Collect the supernatant, estimate protein concentration, 
and keep aside a small amount (generally 1–2 %) boiled in sam-
ple buffer to be used as whole-cell lysate (WCL). Transfer the 
lysate (2–5 mg) equally to two tubes and incubate the lysates 
with equal amount (2 μg) of the tag antibody or control IgG 
at 4 °C for 4–16 h. Add 20 μl slurry of protein A/G plus aga-
rose beads and incubate further for 30 min–1 h. Wash the 
beads three to four times with 1 ml wash buffer by centrifuging 
at 2000 rpm for 1 min at 4 °C to remove the supernatant ( see  
 Note 8 ).   

   2.    Recover the precipitated proteins by lysing in SDS sample buf-
fer and subject to SDS-PAGE and  western blotting   with anti-
p-  Tyr   antibodies. The blots are deprobed before incubation 
with other antibodies. The effi ciency of  immunoprecipitation 
  is examined by probing with anti-tag or anti-PTP antibodies 
and comparing levels between WCL and immune complexes. 
In the case of too much background, the lysates can be pre-
cleared by incubating with 20 μl of protein A-sepharose for 
30 min at 4 °C. When examining target protein  dephosphory-
lation  , it is good to verify that the WT enzyme does not signifi -
cantly alter total p- Tyr   on a large number of cellular proteins 
by examining WCL by  western blotting  , or cells plated on 
cover slips by indirect  immunofl uorescence   (Fig.  5 ) [ 39 ]. 
Under these conditions,  overexpression   can be regulated to 
prevent nonspecifi c  dephosphorylation   of targets.

       3.    When  GFP    fusion proteins   are used to identify interacting 
partners, a one-step method called GFP- Trap   can be used for 
quick and effi cient pull down. This method does not require 
the use of regular anti-GFP antibodies and therefore has the 
advantage that the heavy and light chains of IgG do not appear 
in the pull down. Camel-derived antibodies that are stable and 
bind with high effi ciency to  GFP   are coupled to agarose beads 
and used as a trap. On a similar principle, GST-Trap is also 
available for pull down of GST-FPs. The cell lysate is incubated 
with 10–20 μl of equilibrated beads at 4 °C for 1 h and recovered 
by centrifugation and washes in wash buffer. The complexes are 
dissociated from beads by incubating at 95 °C for 10 min in 
60 μl of buffer without  protease inhibitors  . The beads are 

Vegesna Radha



255

removed by  centrifugation and the supernatants used for 
SDS-PAGE and MS analysis.    

  The methods mentioned above depend on the identifi cation of 
the co-purifi ed proteins. This can sometimes be done by making an 
informed guess based on the molecular weight of the phospho- 
protein, an understanding of subcellular location of the enzyme 
and tyrosine-phosphorylated substrates, or the signaling events in 
which the enzyme is involved, and validating it by using specifi c 
antibodies. Unbiased approaches depend on identifi cation of the 
interacting molecules using MS analysis [ 40 ,  41 ].  

  Fig. 5    TC48 dephosphorylates C3G but does not alter total cellular p- Tyr   level. 
Cells were cotransfected with c-Src and either WT or D-A TC48 and stained for 
p- Tyr   ( upper ) or p-C3G ( lower panels ). As seen, TC48 expression results in loss 
of p-C3G signals, but does not affect total cellular p- Tyr  , indicating that endoge-
nous C3G is a specifi c substrate of TC48. D-A mutant does not affect  phosphory-
lation   on C3G or total cellular p- Tyr         
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       1.     Analyze the samples  obtained   in the pull down, by 1D SDS- 
PAGE, and after CBB staining, cut gel slices from the entire 
lane for extraction, trypsinization, and analysis by MS. It is 
important to wear gloves and use good-quality tubes and tips 
for all the steps ( see   Notes 9  and  10 ). Gels are left in water 
overnight for processing for in-gel tryptic digestion.   

   2.    Cut the gel pieces with bands of visible protein into small pieces 
using a sterile blade, and destain in 600 μl of destaining solution 
(30 mM ammonium bicarbonate in 50 % acetonitrile [ACN]). 
Tumble the tubes on a rotatorque for 1 h, centrifuge, and repeat 
destaining until stain is completely washed off. Replace the 
destaining solution with 500 μl of autoclaved water and shake 
for 30–60 min. Centrifuge the tubes, remove water, and add 
200 μl 100 % acetonitrile. Repeat this step until the gel pieces 
appear crystalline. Air-dry for 10–15 min; add 100–500 ng of 
trypsin in 1 % acetonitrile and 60 mM ammonium bicarbonate; 
and incubate at 37 °C for 20–24 h. Ensure that the gel pieces are 
submerged by adding 1 % ACN and 60 mM ammonium bicar-
bonate solution. Elute the digested peptides by adding 500 μl of 
elution solution (0.1 % trifl uoroacetic acid [TFA] in 50 % ACN) 
and tumbling for about 45 min. Collect supernatant by centrifu-
gation, and lyophilize using a speed vacuum concentrator. Desalt 
the samples by vortexing in a solution of 0.1 % TFA and 5 % 
ACN, and running through rehydrated zip- tip columns (size, 
p10) ( see   Note 11 ). Rehydrate the zip-tip columns starting with 
a solution of 0.1 % TFA and 100 % ACN, followed by solution of 
0.1 % TFA and 50 % ACN; and then a solution of 0.1 % TFA in 
autoclaved MilliQ water, by pipetting in and out 10–15 times. 
Elute the peptides using 0.1 % TFA and 50 % ACN, and vacuum 
dry. Reconstitute the samples in 0.1 % formic acid and 5 % ACN, 
for MS analysis.       

   An alternate unbiased method to identify interacting partners as 
substrates of  PTPs   is the use of 2-hybrid screen using 
  dominant- negative   PTPs [ 34 ,  42 ]. The approach is based on 
expressing a library of cellular proteins along with constitutively 
active  tyrosine kinase   (usually Src) under an inducible promoter 
and using the mutant  PTP   as bait. Transcriptional activation of the 
reporter occurs when a Src-phosphorylated protein binds to the 
PTP-lexA fusion. The drawback of this method is the assumption 
that the likely PTP  substrates are   physiological targets of the  tyro-
sine kinase   used. This method offers the advantage of identifying 
low- abundance substrates and also weak enzyme substrate com-
plexes that do not withstand washes used in conventional in vitro 
and in vivo interaction methods. 

 Other unbiased approaches to identify targets have been the 
use of synthetic phospho-peptide libraries [ 43 – 45 ] for in vitro 
interaction with the mutant  PTP  . This has been modifi ed by direct 
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microsynthesis of the phospho-peptides on membranes to enable 
testing for interaction with purifi ed P 32 -labeled  PTP  . Specifi c inter-
action with peptides could be detected by autoradiography after 
incubation of the membrane with the labeled protein. In parallel, 
the membranes can also be incubated with the WT enzyme in 
 dephosphorylation   buffer (TBST) that contains 1 mM DTT. After 
the bound  PTP   is removed by extensive washes in PBS containing 
0.1 % Tween,  western blotting   can be performed using anti-p- Tyr 
  antibodies.  

   Having identifi ed a likely substrate of any specifi c  PTP   based on 
enhanced interaction with STM using the methods mentioned 
above, it is important that experiments are carried out to prove 
that the interacting protein is a substrate of the  PTP  . Some of the 
methods are detailed below. 

    This is carried out by immunoprecipitating cellular or exogenously 
expressed protein from HEK293 cells after treatment with PV, or 
expression of a  tyrosine kinase   known to phosphorylate the specifi c 
protein. Purifi ed recombinant  PTP   or mutant  PTP   is incubated 
with the immunoprecipitated protein and the agarose-bound com-
plexes are examined by  western blotting   with anti-p- Tyr   antibodies 
followed by antibodies that detect the target protein. If the level of 
tyrosine  phosphorylation   on the target protein is signifi cantly lower 
in the presence of WT enzyme compared to the mutant, it provides 
evidence that the protein is a substrate of the  PTP  .  

   This can  be   examined both by  western blotting   methods and by 
 immunofl uorescence  . If phospho-specifi c antibodies that recog-
nize the target site of the substrate are available, the effect of the 
ability of the active phosphatase to dephosphorylate the target can 
be examined directly. Cells can be transfected with WT or mutant 
 PTP   and subjected to PV treatment or an agonist that is known to 
result in tyrosine  phosphorylation   of the substrate. Cell lysates pre-
pared 24–48 h after  transfection   are subjected to  western blotting 
  with the phospho-site-specifi c antibody followed by deprobing 
and blotting using antibody to detect the target protein. Reduced 
 phosphorylation   of the target seen in cells expressing WT enzyme 
compared to control vector-transfected cells would confi rm that 
the protein is a specifi c cellular target of the  PTP  . In the event that 
phospho-site-specifi c antibodies are not available, the lysates may 
be subjected to  immunoprecipitation   using antibodies against the 
proposed substrate and examined using anti-p- Tyr   antibodies. If cells 
expressing the mutant enzyme show enhanced levels of p-Tyr on 
the target protein compared to vector-transfected cells, it would 
also indicate that the mutant functions as a  dominant negative   
and inhibits the activity of the cellular enzyme. True intracellular 
substrates are best identifi ed using  dominant-negative   mutants, as 

3.5  Validation
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overexpressed enzymes have the possibility of dephosphorylating 
nonphysiological substrates. 

 Very often,  PTP    substrates   are phosphorylated on more than 
one tyrosine residue and it is important to identify which of the 
residues are dephosphorylated by a specifi c enzyme. This is carried 
out by site-directed  mutagenesis   of the target tyrosines to phenyl-
alanine. Co- transfection   with the WT and mutant  PTP   is carried 
out and  phosphorylation   status examined using either phospho- 
site- specifi c or p- Tyr   antibodies as described earlier. Tyrosine  phos-
phorylation   often results in altered mobility of the polypeptides on 
SDS-PAGE. Detection of a slower moving band upon  western 
blotting   has in some instances been used to study  dephosphoryla-
tion   by a  PTP   [ 46 ]. 

 Validation of the interacting partner as an in vivo substrate can 
also be carried out in situ using phospho-specifi c antibodies. The 
WT or mutant  PTP   is transfected in cells plated on cover slips, and 
indirect  immunofl uorescence   (IIF) is carried out using phospho- 
site- specifi c antibodies and fl uorescent secondary antibodies. This 
method has the advantage of showing the subcellular site of action 
of the phosphatase (Fig.  5 ). For IIF, Cos-1 cells are plated on cover 
slips and grown for 24 h to achieve 70 % confl uency.  Transfection 
  is carried out using 400 ng of GFP- tagged   WT or STM  PTP   and 
after 30 h fi xed (in 4 % formaldehyde in PBS) for 10 min at room 
temperature. After three washes in PBS, permeabilization is done 
by exposing cells to PBS containing 0.5 % Triton X-100 and 0.05 % 
Tween-20 for 6 min. The cover slips are rinsed thrice in PBS and 
incubated with 2 % BSA in PBS for 1 h at room temperature. The 
phospho-site-specifi c antibody that recognizes the phosphorylated 
substrate is diluted in 2 % BSA and added to cover slips for 2 h at 
room temperature or overnight at 4 °C. After washing with PBS, 
cells are incubated with Cy3 (or any other appropriate  fl uorophore) 
conjugated secondary antibody diluted in 2 % BSA for 1 h, at room 
temperature. Cells are washed and mounted on clean glass slides 
using mountant containing 90 % glycerol, 1 mg/ml of paraphenyl-
enediamine, and 0.5 μg/ml DAPI in PBS ( see   Note 12 ). 

 In vivo substrates can also be validated using FRET and BRET 
methods. Constructs are generated where the STM- PTP   is fused 
to YFP and the substrate/interacting partner to be validated fused 
to Renilla-luciferase. When cotransfected into cells, luminescence 
from the substrate will excite the YFP in the  PTP   if they are local-
ized within 100°A of each other. These assays confi rm intracellular 
interactions and also facilitate the understanding of subcellular site 
of action and dynamics of the interactions [ 47 ]. 

 An additional approach to validate the ability of a  PTP   to 
dephosphorylate a particular substrate is by examining  dephos-
phorylation   in the presence or absence of Na 3 VO 4  [ 16 ,  48 ]. 
Vanadate is a p- Tyr   mimetic and can be used in in vitro  dephos-
phorylation   assays to block the substrate from binding to the  PTP  . 
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The GST-PTP-STM is incubated with 1 mM Na 3 VO 4  for 10 min 
prior to adding to the cell lysates in interaction experiments. EDTA 
is not added to the buffers when vanadate competition is being 
tested. The decrease/loss of interaction in the presence of vanadate 
indicates direct interaction between the enzyme and the target. 

 In addition to using  dominant-negative   or STM mutants, it is 
important to confi rm substrate specifi city of the  PTP   in the physi-
ological context by using  knockdown   strategies like antisense 
RNA, RNAi,    or genetic knockouts. STM mutants can also be used 
to generate transgenic mice to study the role of the  PTP   in distinct 
tissue systems.    

   The approach of using STM to identify targets of  PTPs   is not with-
out limitations. Some of the issues to be kept in mind are men-
tioned here. One drawback of using STM  overexpression   is that 
formation of a stable enzyme-substrate complex in cells may affect 
downstream signaling and prevent identifi cation of alternate sub-
strates within the cell. 

 The constitutive expression  levels   of a  PTP   substrate may be 
low in specifi c cell types and pull down using a STM may not yield 
results. Under these circumstances, putative substrates need to be 
overexpressed along with the STM- PTP   and interaction experi-
ments carried out after ensuring their proper subcellular localiza-
tion. The in vitro interaction experiments using overexpressed 
recombinant proteins are likely to show nonspecifi c binding. It is 
important to use appropriate controls for comparison like untreated 
and PV-treated cell lysates. The blots can also be probed with an 
antibody to an abundant cellular protein like actin to make sure 
that it is not present in the pull-down samples. 

 Very often, expression of STM has been used to dominantly 
inhibit the function of a specifi c intracellular  PTP  . In some 
instances, STMs do not alter downstream signaling and functional 
consequence of their expression is similar to that of the WT 
enzyme. A good example has been the D181A mutant of  PTP1B  , 
which inhibits  dephosphorylation   of its substrate Bcr-Abl but 
blocks downstream signaling of Bcr-Abl by disabling its interaction 
with Grb2 [ 26 ]. Some STMs can trap substrates from cell lysates, 
but are unable to pull down complexes in the cellular context [ 19 ]. 
In some cases a mutant may function as a good substrate trap when 
generated in the truncated catalytic domain, but functions poorly 
when generated in the full-length enzyme—e.g., PTP-PEST [ 9 ]. 

 It is also to be kept in mind that proteins from PV-treated cell 
lysates that complex with the  PTP   need not be substrates. Interaction 
could be between p- Tyr   on a protein that interacts with non-
catalytic domains of the  PTP  —e.g., SH- PTP  . These can be identi-
fi ed as they would show similar interaction with WT or STM. 

 Some proteins are phosphorylated on more than one tyrosine, 
and require the action of more than one phosphatase, sometimes 
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resulting in opposing consequences [ 7 ]. Under these circum-
stances, identifying enzymes that selectively increase  phosphoryla-
tion   of one or the other residues using STM requires cautious 
interpretation of results. Examining  dephosphorylation   in response 
to physiological stimuli is important as a single substrate (e.g., 
p130Cas) may be dephosphorylated by many  PTPs   (e.g.,  PTP1B  , 
LAR, PTP-PEST) based on the cell type and context.  

   Presently, we are far from having a complete map of the interac-
tome and also knowledge of all the substrates for many of the 
 PTPs  . A combination of approaches including use of novel strate-
gies is therefore warranted [ 50 – 52 ]. High-density  phospho- 
peptide   chips have been designed to be used with STM to identify 
targets. Quantitative proteomics can be used to identify a large 
number of cellular substrates by comparing tyrosine phosphory-
lated peptides from knockout or STM-expressing cells and WT 
cells [ 53 ]. This approach can be used for many of the  PTPs   whose 
function in distinct signaling pathways has not been elucidated. 
Other developments have been the use of a battery of STM mutants 
(corresponding to a large number of known  PTPs  ) to identify 
which of them interacts with a specifi c protein phosphorylated on 
tyrosine. This approach has successfully been used to identify novel 
 PTPs   that target insulin receptor [ 54 ]. 

 In addition to the 38  PTPs   identifi ed in the human genome, 
there are 12 pseudogenes, which have all the catalytic features of 
the  PTPs  , but lack catalytic activity due to mutations. Lately, these 
molecules have also been shown to have physiological functions 
[ 55 ]. Identifying their interacting partners and studying their func-
tion have raised challenges for design of novel strategies.  PTPs   and 
their defi ned targets coupled with fl uorescent tags can help in 
understanding the dynamics of their interaction in the subcellular 
context [ 47 ]. It is hoped that the coming years will give us dynamic 
cellular maps of context-based activation of  PTPs   and  dephosphor-
ylation   of their substrates. 

 Because of their ability to modulate signaling pathways, dereg-
ulated  PTPs   involved in disease are good therapeutic targets [ 56 ]. 
This is evident from examples of targeting  PTP1B   in type 2 diabe-
tes and obesity. Due to high conservation of the  PTP   catalytic 
domain, it has been diffi cult to develop small molecules inhibiting 
the individual enzymes. Use of STM in viral expression systems 
and inducible expression to effi ciently target all the cells in the tis-
sue of interest should be possible in the near future [ 57 ]. Under 
certain conditions, use of  dominant-negative   mutants has been 
more effective in disabling the function of a certain molecule than 
 knockdown   strategies (like antisense siRNA) which may not 
remove the protein totally [ 58 ]. Due to the high specifi city with 
which STM and  dominant-negative   strategies work, at least as 
proof of principle, they could be used therapeutically with success. 

3.7  Future 
Perspectives
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In some cases, mutations that render a  PTP   catalytically inactive or 
constitutively active have been found to be associated with specifi c 
disorders [ 59 ,  60 ]. Devising means to therapeutically intervene to 
either enhance or inhibit  PTP   activity is a challenge for the future.   

4    Notes 

     1.    All the  western blotting   steps for detection of phospho- 
antibodies are carried out with blocking solution containing 
2 % BSA and phosphatase  inhibitors   (1 mM Na 3 VO 4  and 
10 mM NaF).   

   2.    The effi cacy of the STM also depends on whether the mutation 
has been made in the full-length enzyme or in the catalytic 
domain alone [ 9 ]. Expression level of a specifi c substrate and 
its  phosphorylation   status determine the ability of a  PTP   to 
dephosphorylate it in various contexts. Low-abundance pro-
teins require the use of  overexpression   systems and also genetic 
and proteomic approaches. When experiments are carried out 
with overexpressed proteins, care should be taken about mis-
localization and nonspecifi c interactions due to  overexpres-
sion  . Substrates identifi ed by these methods should be validated 
by  knockdown   strategies like RNAi or using physiological 
stimuli that activate the phosphatase.   

   3.    If induction is poor, or the protein forms inclusion bodies, cells 
could be induced overnight at 28 °C with 0.1 mM IPTG.   

   4.    The presence of DTT will prevent the catalytic site cysteine 
from getting oxidized and disable the  PTP   from interacting 
with its substrates.   

   5.    Air bubbles between layers of fi lter paper and the gel are to be 
avoided. Longer transfer is required for high-molecular-weight 
proteins.   

   6.    Bands are detected by exposing to X-ray fi lm or using the che-
miluminescence imaging equipment.   

   7.    If interest is in proteins bound to cellular structures, lysis can be 
done in 2× IP buffer and diluted to 1× prior to antibody addi-
tion, or lysed in RIPA buffer, which has additional detergents. 
RIPA buffer: 50 mM   Tris     pH 7.4, 150 mM   NaCl    , 0.1 %   SDS    , 
0.5 % sodium deoxycholate, 1 % Triton X 100 or   NP-40    , and 
  protease      inhibitors  .   

   8.     GFP  -coupled agarose beads can be used if the  PTP   is tagged 
with  GFP  .   

   9.    When IP samples are being prepared for MS analysis, it is 
recommended that Triton in the IP lysis buffer is replaced by 
lauryl maltoside, which solubilizes protein complexes well and 
is easier to remove prior to MS analysis.   
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   10.    For CBB staining, a modifi ed method is recommended when 
samples are to be processed for MS analysis [ 49 ]. Proteins are 
fi xed with 10 % phosphoric acid, 10 % methanol, and 40 % etha-
nol for 1 h, and treated with 1 % phosphoric acid and 10 % 
ammonium sulfate solution for 2 h. The gels are stained with a 
solution consisting of 5 % aluminum sulfate 14–18 hydrate, 
10 % ethanol, 0.02 % of CBB G-250, and 8 % phosphoric acid 
for 3 h, and destained for 30 min in a solution containing 2 % 
phosphoric acid and 10 % ethanol.   

   11.    Use a fresh zip-tip for each sample.   
   12.    Antibody incubations are carried out by placing the cover slips 

on parafi lm in a humid chamber, and washes are made in 
35 mm dishes.           
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    Chapter 15   

 Detection and Identifi cation of Ligands for Mammalian 
RPTP Extracellular Domains                     

     Andrew     William     Stoker      

  Abstract 

   Receptor protein tyrosine phosphatases (RPTPs) form a group of over 20 enzymes in vertebrates, each 
with unique ectodomains subject to potential extracellular interactions with ligands. It has recently become 
clear that a remarkably diverse range of ligands exist, including homophilic binders, adhesion molecules, 
neurotrophin receptors, and proteoglycans. Individual RPTPs can bind several ligands, and vice versa, sug-
gesting that complex cell signaling networks exist. The identifi cation of RPTP ligands and where they are 
located in tissues remains a challenge for a large number of these enzymes. Here we describe some power-
ful methods that have proved successful for several research groups, leading to our improved understand-
ing of RPTP-ligand interactions and functional regulation.  

  Key words     RPTP  ,   Receptor tyrosine phosphatase  ,   Affi nity probe  ,   RAP assay  ,   Placental alkaline phos-
phatase  ,   Ligand  ,   Affi nity chromatography  ,   Hippocampal neuron  ,   Synapse  ,   Neurite  

1      Introduction 

   The  sequencing   of  the   fi rst cytoplasmic  protein tyrosine phospha-
tase (PTP)    PTP1b   in 1989 confi rmed that the  catalytic   domain of 
 PTP1b   was highly related to similar domains in two receptor-like 
protein tyrosine phosphatases (RPTPs), LAR and CD45 [ 1 – 3 ]. 
The mindset prior to the discovery of RPTPs had been that  PTP 
  enzymes were likely to be cytoplasmic scavengers of tyrosine  phos-
phate  , and few researchers had envisaged receptor versions of the 
enzymes. It was therefore an exciting prospect to realize that 
RPTPs could be subject to extracellular regulation and be directly 
involved in cell signaling. There has been a fascination ever since 
with the potential functions of RPTPs and in particular how, or if, 
these enzymes are controlled by ligands that bind to their ectodo-
mains. There are 20 RPTP proteins encoded in human genome, 
with many orthologues in other vertebrates and invertebrates, rais-
ing the possibility of a wide range of such ligands. 
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 In recent years a number of ligands have been identifi ed and it 
is becoming clear that RPTPs bind to these  in trans  and sometimes 
 in cis . RPTP ectodomains can also send signals to other cells [ 4 ], 
reminiscent of EphR and Ephrin signaling [ 5 ]. RPTPs could there-
fore be both ligand and receptor. In the methods below, therefore, 
we will use the term “ligand” for simplicity, although “binding 
partner” may be more appropriate in some cases. 

 There was initially some diffi culty with identifying RPTP 
ligands, in part due to the almost complete lack of functional assays. 
Also, in contrast to  RPTKs  , we now know that most RPTP ligands 
are not usually small growth factor-like molecules, but rather they 
are usually large, often highly glycosylated matrix molecules or cell-
associated receptors; these can be hard to identify by traditional 
affi nity purifi cation and expression cloning methods. Some RPTPs, 
in particular those of the type IIB subfamily, not only bind to them-
selves [ 6 ], but also form complexes with cadherins to regulate cell-
cell adhesion [ 7 ,  8 ]. Heterophilic ligands of other RPTP subfamilies 
include proteoglycans, contactins,  receptor tyrosine kinases  , and a 
number of leucine-rich repeat (LRR) family receptors in  neurons   
[ 4 ]. Some ligands also bind several RPTP members and individual 
RPTPs can have several related or distinct ligands, adding to the 
many signaling combinations available. 

 Some RPTP ligands were identifi ed from affi nity panning 
methods or affi nity binding or chromatography, using  affi nity 
probes   made from RPTP ectodomains linked to  placental alkaline 
phosphatase (PLAP)   [ 9 ], Fc dimers [ 10 ] ( see   Note 1 ), or cross- 
linked directly to affi nity resins [ 11 ,  12 ]. More recently, functional 
assays of synaptogenesis have revealed a new range of ligands for 
RPTPs, such as TrkC and other LRR family proteins in  synapses   
[ 13 – 17 ]. In some cases we now know how ligands bind structur-
ally to RPTP ectodomains [ 12 ,  18 ] and how ligands alter the func-
tion of the associated RPTPs [ 14 ,  19 ,  20 ]. 

 It has taken 25 years to get to this point, but many more 
ligands remain to be identifi ed. This chapter presents some exam-
ples of ligand identifi cation and tissue localization methods that 
have been previously employed and could still bear fruit in future. 
We will describe (1) use of  affi nity probes   based on RPTP ectodo-
mains linked to  PLAP   or Fc, (2) use of affi nity-purifi ed RPTP 
ectodomains as bait in affi nity column purifi cation of ligands, and 
(3) use of a hippocampal  neuron   coculture system for validating 
synaptic partners of RPTPs. Several research groups have success-
fully used these separately, sequentially, and sometimes concur-
rently. Note that we have reviewed some of these methods in 2005 
and further details can be found in that document [ 21 ]. As a word 
of caution, these methods have worked well for some RPTPs, but 
they have not worked for all those tested. One stumbling block can 
be in the generation of suffi cient RPTP ectodomain protein for 
these assays. We therefore suggest caution when planning 

Andrew William Stoker



269

 ligand- hunting studies and we recommend initial feasibility tests 
for  fusion protein   production. After this, we recommend use of 
more than one ligand identifi cation approach. Lastly, the value of 
functional assays in these kinds of studies cannot be overstated.  

2    Materials 

       1.      HEK293T or  Cos7   cell lines for  transfection   and high- level 
  protein production.   

   2.    Complete DMEM medium: DMEM, 10 % fetal bovine serum, 
penicillin and streptomycin mixture for tissue culture (optional).   

   3.    200 mM 4-Nitrophenyl disodium  orthophosphate   (pNPP) in 
water.   

   4.    A solution of 2 M diethanolamine, 1 mM MgCl 2 .   
   5.     Transfection   reagent polyethlyenimine (PEI); 25 kDa branched 

form (CAS number   9002-98-6    ; this is a  highly  viscous solution 
and cannot be directly pipetted). Stocks are made in water at 
100 mg/ml and stirred for potentially several days. Before use 
on cells, dilute the stock to 1 mg/ml in water and adjust pH to 
7 with HCl; sterile fi lter and freeze aliquots.   

   6.    Optimem serum-free medium.   
   7.    Expression plasmids encoding  PLAP    fusion proteins  , for use in 

mammalian cells (commercial source:   http://www.genhunter.
com/products/aptag/    ; you may also be able to obtain vectors 
from research groups directly).   

   8.    Large-scale plasmid purifi cation kits.        

       1.     Fisherbrand™ Superfrost™    Plus microscope slides.   
   2.    A stock of culture supernatant containing RPTP ectodomain- 

 PLAP    fusion protein   (or Fc  fusion protein  ).   
   3.    Nitroblue tetrazolium (NBT)/5-bromo-4-chloro-3-indolyl 

 phosphate (BCIP)   stock solution: 18.75 mg/ml NBT, 
9.4 mg/ml BCIP dissolved in 67 % (v/v) DMSO; or commer-
cial equivalent.   

   4.    Anti-placental  alkaline phosphatase  -agarose.   
   5.    Cyanogen bromide-activated-Sepharose ®  4B.   
   6.    PD10 desalting columns.   
   7.    Cells or tissues from which to purify ligands.   
   8.    Lysis buffer for cells and tissues: Here we have used: 1 % Triton 

X100, 150 mM NaCl, Tris HCl pH 7.0,  protease inhibitor   
cocktail (Roche).   

   9.    2× SEAP buffer: 2 M Diethanolamine; 1 mM MgCl 2 .   

2.1  Generating PLAP 
Fusion Proteins

2.2  Performing RAP 
Assays and Affi nity 
Chromatography

Detection and Identifi cation of Ligands for Mammalian RPTP Extracellular Domains

http://www.sigmaaldrich.com/catalog/search?term=9002-98-6&interface=CAS No.&lang=en&region=US&focus=product
http://www.genhunter.com/products/aptag/
http://www.genhunter.com/products/aptag/


270

   10.    AP buffer:    100 mM Tris–HCl, pH 9.5, 50 mM MgCl 2 , 
100 mM NaCl.   

   11.    Slide wash buffer: HBSS, 20 mM Hepes pH 7.0, 0.5 mg/ml 
BSA.   

   12.    A suitable FPLC setup such as AKTA FPLC system (Amersham 
Biosciences).      

       1.    A source of rat hippocampal  neurons   from P1 rat pups.   
   2.    Cos7 cells for  transfection  .   
   3.     Transfection   reagents as above.   
   4.    Tissue culture media DMEM as above.   
   5.    Microscope capable of phase contrast and multichannel fl uo-

rescence detection of common fl uorophores such as FITC, 
Cy3, Cy5, and fl uorescent proteins such as  GFP  , CFP, YFP, 
and RFP.   

   6.    Round, glass cover slips.   
   7.    Concentrated nitric acid.   
   8.    Poly- L -lysine hydrobromide.   
   9.     Phosphate  -buffered saline (PBS): 1.85 mM NaH 2 PO 4 , 8.4 mM 

NaHPO 4 , and 150 mM NaCl.   
   10.    Trypsin/EDTA mixture (1× in PBS).   
   11.    Plastic tissue culture dishes or multiwell plates.        

3    Methods 

   In this approach, known often as RAP, one uses an RPTP  affi nity 
probe   to identify the tissue location of ligands (or binding partners). 
The  affi nity probes   are based on  fusion proteins   between RPTP 
ectodomains and either  PLAP   or Fc. As our experience is with  PLAP 
   fusion proteins  , these will be the main focus of this review.  PLAP 
  and Fc probes have been used successfully for  receptor tyrosine 
kinases   [ 22 ] and these were also used early on in identifying contac-
tin as a PTPζ ligand [ 10 ], and more recently for identifying HSPGs 
as  PTPσ   ligands [ 23 ,  24 ], Slitrk3 as a ligand for several  PTPσ   [ 16 ], 
and TrkC as a ligand for  PTPσ   [ 14 ]. As ligand binding is affected by 
affi nity and avidity effects, this approach has not worked for every 
RPTP tried to date ( see   Note 2 ), but in successful cases it has proved 
very useful. If you have problems making successful RPTP probes, 
ligand-based probes may instead be useful ( see   Note 3 ).

    1.     Making an    affi nity probe   . You must fi rst identify which region 
of the RPTP ectodomain cDNA sequence is to be sub-cloned. 
It must lack the predicted transmembrane domain and  PCR   
primers should be designed so that the product can be cloned 

2.3  Performing 
Hippocampal- Cos7 
Coculture

3.1  Receptor Affi nity 
Probing (RAP): In Situ 
Detection of Ligands 
in Cells and Tissues
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in-frame with  PLAP   (Fig.  1 ). Matching the cDNA species to 
your cells and tissues is advised ( see   Note 4 ). Fusion to Fc can 
also be used, but there may be subtle differences in binding 
properties with Fc and  PLAP   probes ( see   Note 5 ).  PLAP 
  should generally be carboxy-terminal to the PTP ectodomain. 
Suitable expression vectors such as APTag-2 and APTag-4 
were originally designed by John Flanagan [ 25 ] and have been 
modifi ed by other laboratories. Examples of fusion cloning sites 

  Fig. 1    ( a ) Schematic diagram of a  PLAP   fusion protein with the PTPσ ectodomain. This short isoform of PTPσ 
has four FNIII-like domains ( purple ) and three Ig-like ( blue ) domains, linked via a transmembrane domain to 
the catalytic domain. On the right of the fi gure,  PLAP   is shown fused to the juxtamembrane region of PTPσ; this 
probe will form as a dimer due to the obligate dimeric state of  PLAP  . ( b – d ) Example DNA sequences and amino 
acid coding frames of  PLAP   vectors, showing ( b ) the fusion point amino-terminal to  PLAP   in APTag2 [ 25 ], ( c ) 
the CRYPα1 (chick PTPσ) ectodomain fusion point to  PLAP   [ 23 ,  28 ], ( d ) the  PLAP   fusion region, but with a fl ex-
ible glycine-rich linker upstream [ 31 ]. ( b – d ) were generated using Seqbuilder software (DNASTAR ® )       
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are shown in Fig.  1 ; cloning sites are quite limited, however, 
making cDNA insertion diffi cult in some cases. Basic vectors 
can be obtained commercially from GeneHunter (  http://
www.genhunter.com/products/aptag/    ). Note that the origi-
nal technology and vectors are patented and permission to 
acquire or pass on vectors requires appropriate permission. You 
will also need a vector that expresses a secretable form of  PLAP 
  alone (e.g., APtag-4), for use in  negative control  assays. Since 
 PLAP   (and Fc) are dimeric, it is worth considering making 
more than one probe, with different fusion points in the RPTP 
sequence ( see   Note 6 ). Once the RPTP- PLAP   fusion plasmid 
is constructed, it should be sequenced to verify the encoded 
ectodomain and fusion points to  PLAP  . Purify the plasmid at 
high quality for  transfection  , using Qiagen plasmid kits.

       2.     Generation of    fusion proteins    .  To generate  fusion protein  , fi rst 
plate HEK293T cells in fl asks or standard tissue culture plates in 
complete DMEM medium. Plate cells so that they will be at 
80 % confl uency when transfected the next day. We recommend 
using at least one 25 cm 2  fl ask for this, to generate suffi cient 
 fusion protein   for direct affi nity detection work. Use several 
175 cm 2  fl asks for  fusion protein   purifi cation. Transfect the plas-
mid DNA using the polethylenimine (PEI) method (for specifi c 
method,  see  ref. [ 26 ]). For a 175 cm 2  fl ask, transfect 50 μg of 
plasmid DNA (scale up or down accordingly). Add DNA to 
5 ml of serum-free medium (e.g., Optimem), mix, then add 
75 μl PEI stock (1 mg/ml), and vortex briefl y. Incubate the 
mixture for 10 min at room temperature. The optimal DNA:PEI 
ratio is between 1:1.5 and 1:2 [ 26 ]. While the complexes form, 
change the cell media to 2 % serum (e.g., 20 ml for a 175 cm 2  
fl ask). Then add the DNA mixture dropwise to the fl ask and mix 
continuously; culture at 37 °C for 4–5 days. The production of 
 PLAP    fusion protein   in the supernatant can be assayed daily 
 using   a pNPP assay (see below and [ 27 ]). Collect the fi nal 
media, sterile fi lter it, and add HEPES pH 7.4 to a fi nal concen-
tration of 20 mM; store this then at 4 °C. When storing for 
several days and using aliquots, we recommend adding 0.1 % 
sodium azide to prevent bacterial growth (this does not affect 
 PLAP   activity). Some probes are adversely affected by glycosyl-
ation and there are methods to address this ( see   Note 7 ).   

   3.     pNPP assay.     To assess how much active probe is in your super-
natant, you can quantify the  PLAP   activity. Heat a 250 μl ali-
quot of  fusion protein  -conditioned medium at 65 °C for 5 min 
to inactivate endogenous phosphatases and cool to room 
 temperature. Add 250 μl of water and 500 μl of 2× SEAP buf-
fer. Vortex and stand for 5 min. Add 20 μl of 200 mM pNPP, 
then transfer to a cuvette or 96-well plate, and measure absor-
bance at 405 nm. Readings can be taken at intervals up to 
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30 min, and OD per minute can be calculated [ 27 ]. Use 
medium without  fusion protein   as a negative control. As a pos-
itive control for the  pNPP   reaction, use a very small amount of 
 an   AP-conjugated secondary antibody. We recommend using 
similar specifi c activities of probe solutions in assays, if multiple 
probes are used ( see   Note 8 ), and probe solutions can be fur-
ther concentrated ( see   Note 9 ). Although RAP probes in 
supernatants can be quite stable for several weeks in the fridge, 
we do recommend that you initially use very fresh supernatant 
for  RAP assays  , to set the benchmark for what you will expect 
to see in subsequent tests.   

   4.    Identifi cation of ligand sites in tissue sections.
   (a)    First generate 10–15 μm thick cryosections of your tissue 

of interest on Superfrost™ (or equivalent) glass slides and 
air- dry the sections. For initial studies the tissue should be 
unfi xed and snap frozen before sectioning. Pre-fi xing tissue 
before sectioning can be tried subsequently if necessary.   

  (b)    Rinse sections in Hanks’ balanced salt solution (HBSS) for 
2 min. Either leave tissue unfi xed, or fi x the sections in (1) 
either methanol (at −20 °C for 90 s) or (2) 4 % paraformal-
dehyde in PBS at room temperature for 5 min. A priori, it 
will not be known whether or not the chemical fi xation of 
tissue post-sectioning will be detrimental to ligand-probe 
interactions. We recommend trying the assay with and 
without post- fi xation of sections.   

  (c)    Wash sections gently in slide wash buffer, for 5 min on a 
shaking platform.   

  (d)    Draw a hydrophobic line around the sections with a wax 
pen, and then add supernatants containing either (1) the 
 fusion protein  , (2) the control  PLAP   protein, or (3) no 
 fusion protein  ; 100 μl of supernatant is easily suffi cient to 
cover 1 cm 2 . Place slides in a fl at, humidifi ed chamber for 
90 min at room temperature.   

  (e)    Wash sections three to six times for 1 min in slide wash 
buffer.  Optional : Refi x the section in 4 % paraformalde-
hyde/PBS for 1 min after the washes.   

  (f)    Heat the slides at 65 °C for 30 min in slide wash buffer, to 
inactivate  endogenous   AP ( see   Note 10 ).   

  (g)    Rinse slides in  AP   buffer, and then add  AP   buffer plus 
NBT/BCIP mixture (20 μl NBT/BCIP into 10 ml buf-
fer). Leave to develop in a dark, humidifi ed chamber; 
check  periodically for purple/brown reaction product. 
Reactions can be stopped and restarted ( see   Note 11 ).   

  (h)    If you want to do immunohistochemistry alongside RAP, 
this is possible ( see   Note 12 ).       
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   5.      RAP assay     in cultured cells or tissues .  RAP assays   can be done in 
live cells on pretreated cover slips ( see   Note 13 ), fi xed cells on 
culture plates, and small pieces of tissue. The method is essen-
tially similar to that described above. For tissues, you will need 
to fi rst methanol fi x in order to permeabilize and allow probe 
access; you will also need to extend probe incubation and wash 
times accordingly.   

   6.     Panning for ligand identifi cation . One of the fi rst uses of RPTP 
ectodomain fusion probes was to pan for cell surface ligands 
expressed from a cDNA library in Cos7 cells [ 10 ]. Here, a 
plasmid- based cDNA expression library was fi rst transfected 
into Cos7 and live cells probed with  fusion protein  . After fi xa-
tion, cells were immunostained to detect the bound  fusion 
protein  . The cDNA library was then de-convoluted to identify 
the ligand clone (expressing contactin). This approach can be 
adapted for  PLAP    fusion proteins  .   

   7.     Probe specifi city . When you have identifi ed a potential ligand and 
have access to soluble forms of it, you should use this as a com-
petitive agent to test the specifi city of the affi nity interaction. 
An alternative method to check for specifi city is to use a specifi c 
antibody to the ligand (if available) to test for blockade of RPTP 
 fusion protein   binding. This will only work if the antibody binds 
to a site that is required for RPTP-ligand interactions.   

   8.     If you need to quantify RPTP -ligand affi nities, you can use stan-
dard binding kinetics or advanced methods such as Biacore™ if 
you have access to purifi ed, soluble forms of both RPTP 
ectodomain and ligand. Biacore™ has also been effective for 
testing the structural basis of interactions, since it is straight-
forward to synthesize and assay the binding properties of 
mutated forms of either the RPTP or the ligand [ 12 ,  18 ].    

      If a ligand  or   binding partner has reasonable affi nity for the RPTP 
ectodomain, it can potentially be identifi ed by direct affi nity isola-
tion. Ligands can be identifi ed using standard affi nity chromatog-
raphy, or binding in batch mode. You will fi rst need to generate 
suffi cient recombinant proteins fused to either  PLAP   (described 
here; [ 9 ]), Fc, or other affi nity tags [ 12 ]. Alternatively, RPTP 
ectodomains can be directly isolated from tissues if you have a 
good source of strongly expressing tissue and a very specifi c anti-
body [ 11 ]. For negative control assays, we recommend generating 
 PLAP   from a suitable expression vector with  PLAP   linked to a 
 secretion   domain (APTag-4; [ 29 ]).

    1.     Purifi cation of    PLAP     fusion probes . To purify  PLAP    fusion 
proteins  , we recommend fi rst transfecting the plasmid into several 
175 cm 2  fl asks and collecting supernatants as above. To affi nity 
purify the  fusion protein  , use anti-placental  alkaline phosphatase  - 
agarose (anti- PLAP  ):

3.2  Identifi cation 
of Ligands by Affi nity 
Chromatography
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   (a)    Pack 1 ml of anti- AP   agarose into an appropriate FPLC 
column. Equilibrate the agarose with fi ve column volumes 
of 0.05 M Tris and 0.5 M NaCl, pH 8.0 at a fl ow rate of 
0.5 ml/min.   

  (b)    Centrifuge the conditioned media at 400 g for 5 min and 
load the supernatant onto the column. Wash the column 
with fi ve column volumes of the equilibration buffer.   

  (c)    Elute the  fusion protein   with 50 mM glycine and 0.5 M 
NaCl, pH 2.8. Collect 500 μl fractions into tubes containing 
50 μl of 1.0 M Tris/HCl, pH 9.0. Assay fractions for 
protein content by absorbance at 280 nm.   

  (d)    Pool appropriate fractions, desalt with PD10 columns, and 
check purity on polyacrylamide gels. Store fractions at 
4 °C, or frozen.    

      2.      Affi nity chromatography.    To purify ligands from cell or tissue 
lysates, fi rst identify the best tissue source of the ligand source, 
using RAP (above). Tissue should be either fresh or snap frozen. 
If fresh, homogenize the tissue with a glass homogenizer (or 
similar) in a suitable ice-cold lysis buffer (place buffer in  wet  ice). 
We have successfully used 4 % CHAPS, 100 mM KH 2 PO 4 , 
pH 7.5, 5 % glycerol, and  protease inhibitor   cocktail (Roche, 
Lewes, UK). Vortex the lysate for 1 h at 4 °C and then centrifuge 
at 2000 g for 15 min. If the tissue is frozen, we recommend 
grinding to a fi ne powder in a mortar sitting in dry ice, and then 
add the powder in small amounts to the cooled lysis buffer.   

   3.    Dilute the lysate 1:2 in PBS.   
   4.    Prepare some column matrix by mixing 2 mg of your pre- 

purifi ed  fusion protein   with 1 ml of CnBr sepharose (follow 
the manufacturer’s protocol). This cross-links the protein to 
the matrix.   

   5.    Mix your lysate with the affi nity matrix in batch mode, rolling 
overnight at 4 °C; the volume should be minimized and not be 
more than a few milliliters, since too high a volume will reduce 
the binding effi ciency.   

   6.    Load the mixture onto an appropriate HPLC column and then 
wash the column with fi ve column volumes of PBS containing 
0.1 % Tween and 30 mM EDTA.   

   7.    Elute the bound components with PBS containing 0.5 M 
NaCl. Elute in 2 ml total, in 200 μl fractions. Take small ali-
quots of these fractions and test them with polyacrylamide 
electrophoresis under reducing conditions, visualizing with 
silver staining.   

   8.    A negative control column should also be run, using matrix 
that has been cross-linked to purifi ed  alkaline phosphatase   
only. The silver-stained samples must be compared to those in 
the experimental samples.   
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   9.    If bands of interest are located specifi cally in the experimental 
(RPTP column) samples, these can be subjected to tandem 
 mass spectrometry   for protein identifi cation  [ 9 ].    

     In the 1990s it  was   well known that many RPTPs were strongly 
expressed in neural tissues during development and into adult-
hood. However, it has taken much longer to reveal their functions. 
Here, to provide an example, we describe a very specifi c, cell-based, 
functional assay that looks at the role of RPTPs in synaptogenesis. 
This assay uses an established technique of hippocampal  neuron  /
Cos7 coculture and here it is used to identify and validate novel, 
functional partnerships between presynaptic RPTPs and postsyn-
aptic ligands (Fig.  2c ). This is a rather specialized assay and does 
require access to a source of hippocampal  neurons  .

3.3  Validation 
of RPTP Interactions 
with Synaptic Partners 
in Hippocampal 
Neurons

  Fig. 2    ( a  and  b ) Examples of  PLAP  -based  RAP assays   on tissue sections from chick embryos (taken from [ 23 ,  28 ] 
with permission from Elsevier Ltd.). The RAP probe was chick PTPσ- PLAP  .  A , trunk muscle showing binding 
( purple stain ) to ligand sites in muscle cells themselves ( arrow ) and in nerve bundles running through the tissue 
( arrowheads ). ( b ) is similar to ( a ), except that this section is co-stained with an antibody to neurofi lament 
protein 3A10 ( brown  HRP stain).  Arrowheads  here indicate points of close juxtaposition between nerves and 
ligand sites on muscle cells. ( c ) Schematic of a  neurite   ( pink  process) overlaying a Cos7 cell that is expressing 
ligand protein ( blue rectangle ). A contact has formed where the RPTPs form complexes with the ligands, gen-
erating  a   hemisynapse rich in presynaptic vesicles. ( d ) Dark-fi eld micrograph showing CFP fl uorescence in a 
transfected Cos7 cell, along with hippocampal  neurites   stained with synapsin ( red ).  White arrow  indicates  a   
hemisynapse contact between  neurite   and Cos7 cells. The CFP is fused here to TrkC (for further information on 
this particular protein interaction,  see  [ 14 ,  18 ]       
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     1.    For this assay it is assumed that the RPTP is expressed on pre-
synaptic membranes in  neurites   (they are also expressed post-
synaptically in some cases). The ligand is presented to  neurites   
as if it were on a dendritic surface, but in this case it is actually 
presented to  neurites   via transfected Cos7 cell membrane 
surfaces (Fig.  2c ). Thus if there is a functional RPTP-ligand 
interaction, it triggers hemisynaptic structures in the  neurites  , 
rich in proteins such as synapsin (Fig.  2c, d ) [ 14 ].   

   2.    Hippocampal  neuron   cultures should be prepared from P1 rat 
pups (full methods can be found in [ 30 ]). Plate them into 
35 mm culture dishes containing prepared, glass cover slips. 
The  neurons   should be cultured for 20 days before further use, 
to allow extensive neuritic processes to form.   

   3.     Coverslip preparation : Submerge cover slips in concentrated 
nitric acid overnight at room temperature, in a glass beaker or 
rack; this cleans the glass.   

   4.    Rinse the cover slips four times (at least 2 h each) in distilled 
water; fi nally rinse in 100 % methanol.   

   5.    Bake the cover slips at 150–225 °C overnight.   
   6.    Place cover slips into tissue culture plates and add 100–150 μl of 

poly- L -lysine solution (200 μg/ml in water) to each cover slip and 
incubate at room temperature for several hours ( see   Note 13 ).   

   7.    Remove the PLL solution and rinse twice with 3 ml of sterile 
water, 2 h each. Add tissue culture medium.   

   8.    Plate out the cells.   
   9.    To present the putative RPTP ligand to the  neurons  , it must be 

expressed on the cell surface of Cos7 cells. An expression vector 
must therefore be generated, containing the extracellular and 
TM portion of the ligand fused at its c-terminus to a fl uorescent 
protein  such   as GFP or CFP. Transfect this into Cos7 cells. After 
24 h the cells should be re-seeded at low density (around 2 × 10 4  
per 35 mm plate) onto the cover slips of  neurons  .   

   10.    After 20 h of coculture, RPTP ligands in the Cos7 cells can 
induce RPTP-dependent clustering of presynaptic proteins 
in  neurites  . Fix the cultures in 4 % paraformaldehyde and 4 % 
sucrose in PBS for 15 min.  Immunofl uorescence   micros-
copy is then used for detection of the synaptic protein of 
interest, such as synapsin or VGLUT1 [ 14 ]. The  ligand   
 fusion protein   in Cos7 cells is detected using the appropriate 
UV fi lter set.   

   11.    Figure  2d  shows an example of presynaptic structures 
forming after neuronal  contact   with TrkC-expressing Cos7 
cells ( see  ref. [ 18 ] for more details of this study). Other experi-
mental approaches are then needed to confi rm that RPTPs are 
the presynaptic receptors [ 14 – 16 ]. These published works are 
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excellent examples of what can be achieved by using a mix of 
RAP-type assays, affi nity purifi cation systems, and functional 
assays to identify ligands and to assay RPTP-ligand signaling.    

4       Notes 

     1.    If you use an Fc fusion, the Fc portion can be identifi ed using 
 immunofl uorescence   microscopy or immunocytochemistry 
(for example  see  ref. [ 14 ]). As these probes are not phosphatase 
based, you will not need to carry out the heat inactivation step 
after probe binding.   

   2.    It is of relevance that RPTP-ligand interactions may occur in 
“rafts” of molecules, relying on avidity and multiple cis interac-
tions in vivo [ 8 ,  19 ]. It is therefore possible that some RPTP-
ligand interactions will be of too low affi nity to detect  using   
RAP or even affi nity chromatography.   

   3.     RAP assays   can be done in both directions, with probes being 
made from either RPTP ectodomains or the binding partner 
( see  Fig.  2  in ref. [ 14 ]. This can be advantageous if you have prob-
lems making suffi cient quantities of the RPTP- PLAP   proteins and 
you know the ligand identity.   

   4.    Depending on the conserved nature of the RPTP, some probes 
may be potentially used across species. However, we found 
that this did not work very well for PTPσ between chick and 
mouse for example.   

   5.    RAP probes can be made using either  PLAP   or Fc fusions. 
Both are  dimeric , but their conformations are not necessarily 
the same in this state. There have been no direct comparisons 
of these two fusion methods with a given RPTP, as far as we are 
aware.  PLAP   is a very sensitive enzymatic probe for use with its 
histochemical assay, but it is harder to detect directly with anti-
bodies in immunohistochemistry or -cytochemistry. Fc fusions 
have been detected after  RAP assays   using  immunofl uores-
cence   detection, but the sensitivity of this will depend on the 
nature of your particular RPTP-ligand interaction.   

   6.    The  PLAP   and Fc fusion probes generate dimeric molecules. 
This can be advantageous as it may increase avidity, but we 
also have evidence that steric restriction can occur in the 
dimeric state with  PLAP   [ 31 ]. If you are concerned about 
this, you can introduce a fl exible linker between the RPTP 
ectodomain and  PLAP  , which increases rotational freedom 
(Fig.  1b ; [ 31 ]). We have evidence that some ligand interac-
tions require the dimer state of the RPTP; monomer forms of 
 PLAP   probes can be made to test this [ 31 ].   

   7.    Note that some ligands and RPTPs are glycosaminoglycans 
and this can interfere with assays of their interactions. The 
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group of Aricescu has used 293S-GnTI (a variant of HEK293 
cells) and  inhibitors   such as kifunensine or swainsonine to 
reduce glycosylation for their structural studies of RPTP- ligand 
interactions [ 32 ].   

   8.    If you are trying to make qualitative or semiquantitative com-
parisons between the binding affi nity of different  PLAP   fusion 
probes in  RAP assays  , we recommend that you normalize the 
supernatants for their  PLAP   activities before carrying out  RAP 
assays  . Dilute the supernatants with medium until they have 
the same activity units per milliliter as each other.   

   9.    For most  RAP assays   on cells and tissue sections, the neat cell 
supernatant is suffi cient. If necessary it can be concentrated a 
little further by centrifuging through sterile fi lter units that 
trap large proteins.   

   10.    If you use an Fc fusion, the Fc portion can be identifi ed using 
 immunofl uorescence   microscopy or immunocytochemistry 
(for example  see  ref. [ 14 ]). As these probes are not phosphatase 
based, you will not need to inactivate endogenous phospha-
tases and you need not carry out the heat inactivation step after 
probe binding.   

   11.    You can stop the  PLAP   reaction and restart it again several 
hours later if the sections have been kept in physiological buf-
fer. The reaction itself can keep running a long time and may 
reach a very high level of intensity. To slow the speed of the 
NBT/BCIP reaction, you can do the reaction at 4 °C, or 
reduce the NBT/BCIP concentration.   

   12.    It is also possible to do both  RAP assays   and immunohistochem-
istry on the same tissue sections [ 23 ,  28 ]. You will need to test 
empirically how effective the HRP antibody staining is after 
NBT/BCIP development of  PLAP  , or vice versa. If using Fc 
probes, you can perform dual immunodetection and  indirect 
fl uorescence microscopy. Direct immunodetection of  PLAP 
  probes with anti- AP   antibodies has, in our hands at least, proved 
problematic; the enzymatic detection of  PLAP   is more sensitive.   

   13.    If doing assays with cells on cover slips, then the PLL coating 
is critical. PLL solution should fl ow over the cleaned glass 
readily. If the glass remains hydrophobic though, then more 
nitric acid cleaning is required.           
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    Chapter 16   

 Production of Osteoclasts for Studying Protein 
Tyrosine Phosphatase Signaling                     

     Eynat     Finkelshtein    *,     Einat     Levy-Apter    *, and     Ari     Elson      

  Abstract 

   Osteoclasts, specialized cells that degrade bone, are key components of the cellular system that regulates 
and maintains bone homeostasis. Aberrant function of osteoclasts can lead to pathological loss or gain of 
bone mass, such as in osteopetrosis, osteoporosis, and several types of cancer that metastasize to bone. 
Phosphorylation of osteoclast proteins on tyrosine residues is critical for formation of osteoclasts and for 
their proper function and responses to physiological signals. Here we describe preparation and growth of 
osteoclasts from bone marrow of mice, use of viral vectors to downregulate expression of endogenous 
proteins and to express exogenous proteins in osteoclasts, and analysis of signaling processes triggered by 
M-CSF, estrogen, and physical contact with matrix in these cells.  

  Key words     Tyrosine phosphatase  ,   Osteoclast  ,   Bone  ,   Adenovirus  ,   Lentivirus   

1      Introduction 

   The  physical   properties and mass of bone are preserved by the 
opposing but generally balanced  activities   of specialized cells. 
Osteoblasts, which are derived from the mesenchymal lineage, syn-
thesize  bone matrix,   while hematopoietically derived osteoclasts 
degrade it. Osteoclasts (OCLs) are multinucleated cells that are 
formed by fusion of monocyte-macrophage precursor cells, in a 
process driven by Macrophage Colony Stimulating Factor (M-CSF, 
CSF-1) and  Receptor Activator of NFkB Ligand (RANKL)   [ 1 ,  2 ]. 
Both factors are either secreted by osteoblasts or expressed on their 
surface, making close contact between both cell types essential for 
 proper   bone homeostasis. OCLs adhere to bone tightly using 
adhesion structures called podosomes [ 3 ,  4 ]. Once attached, OCLs 
physically isolate the area of bone to which they adhere from the 
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environment and secrete onto it a mixture of proteolytic enzymes and 
acid, which together degrade the protein and mineral components 
of  bone matrix   [ 1 ,  5 ]. 

 Protein tyrosine  phosphorylation   plays critical roles in regulat-
ing the production and function of OCLs. Prime examples include 
the central role of the M-CSF receptor, c-Fms, which is a  receptor 
tyrosine kinase  , in production of OCLs [ 6 ,  7 ], and the signifi cant 
dependence of  OCL   function on proper activity and regulation of 
the Src  tyrosine kinase   [ 8 – 10 ]. Protein tyrosine phosphatases 
(PTPs), which counter the activities of  tyrosine kinases  , also play 
important roles in regulating production and activity of OCLs. The 
non-receptor type, SH2 domain-containing PTP SHP1 inhibits 
 OCL   formation and function in vivo [ 11 ,  12 ] while SHP2, a dis-
tinct but structurally related PTP, performs opposite roles [ 13 ,  14 ]. 
The receptor-type PTP CD45, which is often present on hemato-
poietic cells, inhibits Src in OCLs and leads to increased  OCL   activ-
ity, increased numbers of dysfunctional OCLs, and increased bone 
mass in CD45-defi cient mice [ 15 ]. The dual- specifi city phospha-
tase MKP1, which belongs to a subfamily of phosphatases capable 
of dephosphorylating MAP kinases at both the threonine and tyro-
sine residues of their Thr-x-Tyr activation site, appears to assist pro-
duction of OCLs but to inhibit their function [ 16 ,  17 ]. The 
non-receptor isoform of PTP Epsilon (cyt- PTPe) contributes to 
 OCL   adhesion and function by linking integrins to downstream 
activation of Src.  OCLs   of young female mice lacking cyt-PTPe 
exhibit reduced Src activity and reduced ability to resorb bone 
in vitro and in vivo [ 18 – 20 ]. Interestingly, the closely related PTP 
Alpha does not play a unique role in this cell type [ 21 ]. Studies in 
cell-culture systems have established the non receptor-type PTP-
PEST as a positive regulator of  OCL   differentiation and adhesion, 
most likely through its role in dephosphorylating and activating Src 
[ 22 – 24 ] that may be related to its ability to promote macrophage 
fusion [ 25 ]. Similar fi ndings have been obtained in culture regard-
ing the receptor-type PTPRO (PTP-oc) [ 26 ,  27 ]. 

 The biological functions of  OCLs   are key to maintaining 
proper bone health. Moreover,  OCLs   can interact with tumor cells 
present in their environment and thus support formation and 
expansion of bone metastases of various types of cancer in a process 
that degrades bone and often leads to fractures and increased mor-
bidity.   Studies of  OCLs   are required in order to better understand 
how their production and activities are regulated at the molecular 
level, leading to better understanding of their function and sug-
gesting new approaches to treating disease. Production and growth 
of  OCLs   in culture poses several challenges since mature  OCLs   are 
terminally differentiated, do not divide, and cannot be passaged or 
frozen.  OCLs   are often produced in culture from precursor cells 
found in  bone marrow  , a process that works well and allows deriv-
ing cells from human samples and from genetically manipulated 
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mice. We describe this process, as well as protocols for expressing 
exogenous genes and inhibiting endogenous ones in  OCLs  . 
Alternatives to production of  OCLs   from  bone marrow   cells 
include production of OCLs from spleen cells, use of specifi c estab-
lished hematopoietic cell lines, such as RAW264.7, that can be 
differentiated in culture to assume an  OCL  -like phenotype, or iso-
lation of relatively small amounts of primary  OCLs   directly from 
bone. We do not discuss these techniques here.  

2    Materials 

          1.    Mice ( see   Note    1  ).   
   2.     RANKL   (Catalog # 462-TEC-110-5, R&D Systems, 

Minneapolis,    MN, USA) and M-CSF (Catalog # 315-02, 
PeproTech, Rocky Hill, NJ, USA) ( see   Note    1  ).   

   3.     Phosphate  -buffered saline (1× PBS): 8.1 mM Na 2 HPO 4 , 
1.47 mM KH 2 PO 4 , 2.67 mM KCl, 137 mM NaCl, sterile.   

   4.    Sterile surgical operating tools (two to three sets of small 
surgical scissors, two to three forceps (5–7 cm in length) with 
blunt ends).   

   5.    #11 Scalpels (do not have to be sterile).   
   6.     OCL   medium: alpha-MEM, supplemented with 10 % fetal calf 

serum, 2 mM glutamine, 50 U/ml penicillin, 50 μg/ml 
streptomycin.   

   7.    Tissue-culture plasticware: 6- and 10-cm plates, 6- and 24-well 
plates.   

   8.    Glass coverslips, microscope slides (optional, if growing cells for 
 immunofl uorescence   studies). The make of the glass can some-
times affect  OCL   differentiation. We have had good results with 
slides manufactured by Menzel-Glaser, Braunschweig, Germany.   

   9.    10 ml syringe equipped with a 27″ needle.   
   10.    70 % ethanol.   
   11.    1 ml pipettor, tips, 15 ml plastic test tubes (all sterile).   
   12.    Tissue culture facilities: hood, incubator, centrifuge.   
   13.    Hypotonic Red Blood Cell lysis Buffer.   
   14.    Hemocytometer (or alternative method for counting cells).      

    In addition to items noted in Subheading  2.1 :

    1.    Ficoll Paque Plus (sterile).   
   2.    MACS buffer: 1× PBS, 1 mM EDTA, 2 % serum; sterilize by 

fi ltration.   
   3.    Biotin-conjugated anti-CD115 (M-CSF receptor) antibodies.   
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   4.    Streptavidin-coated magnetic beads.   
   5.    Cell separation magnet.   
   6.    Ice and ice bucket.    

      In addition to items noted in Subheadings  2.1  and  2.2 :

    1.     Adenovirus   and  lentivirus   preparations.   
   2.    HEK293 adherent cells that adhere well to the plate.   
   3.    HEK293 cell medium: DMEM, supplemented with 10 % fetal 

calf serum, 2 mM glutamine, 50 U/ml penicillin, 50 μg/ml 
streptomycin.   

   4.    0.45 μm sterile tissue culture fi lter.   
   5.    Polybrene.    

     In addition to items noted in Subheadings  2.1 – 2.3 :

    1.    Estrogen-free  OCL   medium: Phenol red-free alpha MEM, 
supplemented with 10 % charcoal-stripped fetal calf serum, 
2 mM glutamine, 50 U/ml penicillin, 50 μg/ml streptomycin.   

   2.    NP40 lysis buffer: 50 mM Tris-Cl, pH 7.5, 150 mM NaCl, 1 % 
Nonidet NP40. Supplement with  protease inhibitors   (e.g., a 
commercial protease  inhibitor   cocktail) and/or phosphatase 
 inhibitors   (e.g., 0.5 mM sodium pervanadate, a  tyrosine phos-
phatase    inhibitor  ) as necessary.   

   3.    Rubber policeman of a size compatible with the wells/plates 
used to grow  OCLs  .   

   4.    Eppendorf centrifuge.   
   5.    β-estradiol.   
   6.    Analytical grade ethanol.   
   7.    Fibronectin: Dilute to 20 μg/ml with sterile PBS.   
   8.    10 mM EDTA/PBS solution: 0.5 M EDTA solution, pH 8.0, 

diluted to 10 mM in PBS.   
   9.    DMEM-HEPES medium containing 1 mg/ml bovine serum 

albumin (BSA).   
   10.    Equipment and reagents for running SDS-PAGE gels and for 

protein blotting studies.   
   11.    Primary antibodies for determining  phosphorylation   of key sig-

naling molecules (e.g., anti-pY416 Src, anti-pY402 Pyk2, anti-
pThr308 AKT, anti-AKT, anti-v-Src, anti-Pyk2, anti- pThr/
pTyr ERK1/ERK2, and anti-ERK1/ERK2).   

   12.    Secondary antibodies for protein blots (e.g., horseradish 
peroxidase- labeled goat anti-mouse and goat anti-rabbit).    
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3       Methods 

        This    protocol   focuses on differentiation of  OCLs   in culture from 
unpurifi ed  bone marrow   precursors using exogenous purifi ed 
 RANKL   and M-CSF, a process that yields relatively pure  OCLs   but 
with some, albeit little, presence of stromal cells. Stromal cells can 
be avoided if one purifi es monocytes from the crude  bone marrow 
  using anti-CD115 (M-CSF receptor) antibodies, as described in 
Subheading  3.2 . It is also possible to produce  OCLs   by cocultur-
ing unpurifi ed  bone marrow   cells with calvarial osteoblasts. 
Treatment of the osteoblasts with 1,25-dihydroxy vitamin D3 and 
prostaglandin E2 induces them to produce M-CSF and  RANKL  , 
which drive  proliferation   of osteoclast precursors and their differ-
entiation into  OCLs  . The osteoblasts are subsequently removed 
from the much more adherent  OCLs   [ 28 ]. The advantages of the 
method discussed here include the ability to easily visualize pro-
duction of  OCLs   over time, and to examine production, morphol-
ogy, and function of  OCLs   without possible confounding effects of 
supporting osteoblasts.

    1.    Sacrifi ce a mouse by cervical dislocation ( see   Note    2  ). Spray fur 
with 70 % ethanol to mat down hair. Working on a non- sterile 
but clean lab bench, remove both hind legs entirely at the 
proximal joint of the femur, making sure that both femora and 
tibiae are intact ( see   Notes    3   and   4  ).   

   2.    Remove fur and fl esh from bones as much as possible. This can 
be done using scissors and/or scraping with a clean #11 scal-
pel. Separate each femur from its associated tibia; do not 
attempt to retain the fi bula. Work carefully to ensure that the 
femora and tibiae retain their integrity at this stage.   

   3.    Place individual bones together in a 6- or 10-cm tissue-culture 
plate. The bones are not sterile at this stage, but it is important 
to keep them clean: place them in a clean plate and close the 
plate’s cover.   

   4.    If preparing cells from more than one mouse, repeat  steps 1 – 3  
in sequence for each mouse one after the other. In particular, 
sacrifi ce the mouse only when you are ready to harvest its tis-
sues. Collect bones in plastic dishes together or separately 
depending on the experimental design ( see   Note    5  ).   

   5.    Move the plate(s) with bones to a tissue culture room. Inside 
the tissue culture hood prepare three sterile 6- or 10-ml plates 
for each plate containing bones from  step 3 :

 ●    Plate #1: 3–4 ml of sterile PBS.  
 ●   Plate #2: empty.  
 ●   Plate #3: empty.  
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 ●   In addition, prepare a larger vessel with  OCL   medium 
(complete with serum, antibiotics and glutamine, but 
without M-CSF or  RANKL  ), as well as a sterile 10 ml 
syringe fi tted with a 27″ gauge needle.      

   6.    While still outside the tissue culture hood, pour 70 % ethanol 
solution onto the bones while they are still in their original 
plastic plate. After 15–30 s transfer the plate into the tissue 
culture hood and rapidly transfer the bones one-by-one using 
fresh sterile forceps from the 70 % ethanol solution into Plate 
#1 that contains PBS, to wash away and dilute the ethanol. 
When done, discard the ethanol-containing plate. From this 
point the bones are considered sterile; the bones and cells 
derived from them should remain in the tissue culture hood or 
removed from it only when enclosed in sterile containers (tis-
sue culture plasticware, test tubes, etc.).   

   7.    Transfer the bones from the PBS solution to Plate #2 to await 
fl ushing.   

   8.    Aspirate  OCL   medium into the 10 ml syringe ( see   Note    6  ).   
   9.    Pick up one bone with sterile forceps. Cut epiphyses with ster-

ile scissors. Hold bone over empty Plate #3. Insert the syringe 
needle into the  bone marrow   cavity and fl ush the cavity with 
 OCL   medium to remove  bone marrow   cells, while gently 
moving the syringe and needle in and out of the bone along its 
long axis; in our experience, 0.5–1.0 ml of medium is required 
per bone. Continue fl ushing until the bone is empty and white 
(when the red  bone marrow   cells, which are visible through 
the thin  bone matrix  , have been removed). Marrow from mul-
tiple bones may be fl ushed into the same plate if the experi-
mental design allows this. Flush only with fresh medium—do 
not fl ush with medium that contains cells ( see   Note    7  ).   

   10.    Pipette up and down the medium and  bone marrow   cells col-
lected in Plate #3 with a 1 ml pipettor to break cell clusters and 
to suspend the cells.   

   11.    Transfer the cell-containing medium to a 15 ml test tube. Wash 
the plate with 1–2 ml  OCL   medium or PBS to collect remain-
ing cells and add to the same 15 ml test tube.   

   12.    Centrifuge at 200 ×  g  for 3 min at room temperature.   
   13.    Remove supernatant by gentle aspiration inside the tissue cul-

ture hood. Pellet should appear reddish due to presence of 
erythrocytes ( see   Note    8  ).   

   14.    Remove erythrocytes by adding 1 ml of hypotonic Red Blood 
Lysis Buffer. Mix gently and incubate at room temperature for 
1 min. Stop lysis by adding 5 ml of  OCL   medium or of 1× 
PBS.   

   15.    Centrifuge at 200 ×  g  for 3 min at room temperature.   
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   16.    Remove supernatant by gentle aspiration inside the tissue cul-
ture hood. Pellet should now appear much lighter in color 
compared to  step 13 .   

   17.    Resuspend cells in 2 ml  OCL   medium (per mouse). Count 
cells; expect about 30 × 10 6  cells per two femur–tibia pairs from 
one young adult male mouse of the 129SvEv strain.   

   18.    Seed cells in appropriate vessels: 5–7 × 10 6  cells per well of a 
6-well plate (2 ml medium) or 35 cm dish (1 ml medium), 
1 × 10 6  cells per well of a 24 well plate (0.5 ml medium) ( see  
 Note    9  ). Seed cells in  OCL   medium supplemented with 
20 ng/ml M-CSF and 20 ng/ml  RANKL  . Incubate at 
37 °C, 5 % CO 2  for 5 days ( see   Note    9  ). Change medium and 
cytokines after 24 h and then every 1–2 days during this 
period ( see   Note    10  ).   

   19.    What to expect: Most of the cells plated are non-adherent 
(e.g., lymphocytes) and will be removed at the fi rst medium 
change after 24 h. Relatively few adherent cells will remain; 
these will be a mixture of monocytes/macrophages and their 
precursors, but also some osteoblasts, fi broblasts, etc. The 
former cells then begin to proliferate massively under the 
infl uence of M-CSF. At day 3 or 4 cells will begin to fuse, 
generating somewhat larger cells that stain strongly for tar-
trate-resistant acid phosphatase (TRAP, an  OCL   marker). 
On days 5–6 one usually observes large fl at oste oclasts   form-
ing. These very characteristic cells are markedly (up to 100×) 
larger than other cells, are multinuclear, and stain for TRAP 
(although not as strongly as their immediate precursors). 
These cells tend to form initially in the more crowded regions 
of the plate, but eventually can cover the entire plate. Small 
undifferentiated cells can be found in between these larger 
 OCLs   (Fig.  1 ). Use cells promptly, since they deteriorate 
rapidly and die within 1–2 days following peak of formation 
of large cells.

       20.    Troubleshooting: The quality of the  RANKL  , M-CSF and 
serum used is critical; If  OCLs   do not form, the fault is usually 
with one or more of these three reagents ( see   Note    1  ).    

           This  protocol   allows purifi cation of monocytes/macrophages from 
crude  bone marrow   cells, thus reducing somewhat possible con-
tamination of the  OCL   preparation by adherent stromal cells. This 
protocol is identical to the one in Subheading  3.1  up to and includ-
ing  step 13 , which described obtaining a preparation of  bone mar-
row   cells from mice, ending with centrifugation of the cells.

    1.    Prepare mouse  bone marrow   cells according to Subheading  3.1 , 
up to and including  step 13 . From this step onwards, strict 
sterility should be maintained.   
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   2.    Suspend cell pellet in 4 ml PBS per mouse and overlay carefully 
over 4 ml Ficoll per mouse in a sterile test tube. Use one test 
tube per mouse and do not overload.   

   3.    Centrifuge at 650 ×  g  at room temperature, 15 min. Set accel-
eration and brake of the centrifuge to zero.   

   4.    Collect buffy coat layer in 1–2 ml. Add 12 ml 1× PBS, shake to 
suspend cells, centrifuge at 200 ×  g  for 3 min at room 
temperature.   

   5.    Suspend the cells in 50 μl of MACS buffer per mouse. At this 
stage one can mix cells from several mice if the experimental 
plan allows. Note that volumes in subsequent steps are given 
per mouse; take care to adjust volumes accordingly if combining 
cells from several mice.   

   6.    Add anti-CD115-biotin antibody at a fi nal dilution of 1:50. 
Incubate for 15 min on ice.   

  Fig. 1    Time course of differentiation of  bone marrow   cells in culture into OCLs.  Top panel : Cells stained for 
tartrate- resistant acid phosphatase pointing upwards (TRAP, stains  red ).  Middle panel : DNA (Nuclei) was 
stained with Hoechst. Pictures include phase light microscopy images of the cells overlain with fl uorescence 
images showing nuclei ( Blue ). Note that mature OCLs include multiple nuclei per cells.  Bottom panel : Larger 
magnifi cations of selected frames from the  top two panels. Arrowheads pointing upwards  (TRAP, day 4,  bot-
tom panel ) indicate nuclei (not all were marked in the picture). Day of seeding is defi ned as Day 0. Scale bars: 
 Top  and  middle panels : 200 μm.  Bottom panel : 100 μm       

 

Eynat Finkelshtein et al.



291

   7.    Wash cells by adding 2 ml MACS buffer per mouse. Centrifuge 
at 200 ×  g  for 3 min at room temperature, and aspirate 
supernatant.   

   8.    Suspend the cells in 270 μl of MACS buffer per mouse. Add 
30 μl of streptavidin-coated magnetic beads per mouse. Incubate 
on ice for 20 min with gentle mixing every 4–5 min.   

   9.    Add 2.5 ml of MACS buffer per mouse and transfer cell sus-
pension to a vial or test tube suitable for use with the cell- 
separating magnet. Use one vial per mouse; if preparation 
contains cells from several mice, split them among several vials.   

   10.    Place vial in the cell-separating magnet for 10 min, at room 
temperature.   

   11.    While the vial is still within the magnetic fi eld, remove the 
MACS buffer (and with it unbound cells). Remove vial from 
magnet and wash the remaining cells with 2 ml MACS buffer. 
Centrifuge cells for at 200 ×  g  for 3 min at room temperature.   

   12.    Suspend the cells in 300 μl of  OCL   medium per mouse. Count 
cells (if counting by hemocytometer, it is best to dilute a sam-
ple of the cells 1/10 before counting).   

   13.    Seed 1.25 × 10 5  cells per well of a 24 well plate (or 2.5 × 10 5  
cells per well of a 12-well plate).   

   14.    Grow cells in  OCL   medium supplemented with 20 ng/ml 
M-CSF and 20 ng/ml  RANKL  . Incubate at 37 °C, 5 % CO 2  
for 5 days. Change medium and cytokines after 24 h and then 
every 1–2 days during this period ( see   Notes    9   and   10  ).    

       OCLs   are terminally differentiated, non-dividing cells; as such, 
they are refractory to many of the standard techniques used for 
gene expression or  knockdown   in most other cell types. 
 Adenoviruses  , as well as  lentiviruses   and other types of retroviruses, 
are often used to enable genetic manipulation of  OCLs   in culture. 
 Adenoviruses   and  Lentiviruses  , which we discuss here, differ in 
their use and properties.  Adenoviruses   are quite easy to work with 
and to propagate as virus-from-virus, a process that should be lim-
ited to two to three rounds to prevent accumulation of mutations; 
 Adenovirus   preparations may be stored frozen for future use. 
However, the cloning and packaging processes required for initial 
preparation of  Adenoviruses   are relatively complex. In contrast, 
Lentiviral vectors are easy to construct and the viruses themselves 
are easy to prepare, although in our hands they can be stored for 
only up to 10 days at 4 °C and need to be prepared anew often. 
Moreover, these viruses tend to be somewhat less effective in intro-
ducing their genetic cargo into  OCLs   compared with  Adenoviruses  . 
Finally,  Adenoviruses   are very amenable to coinfection studies; 
 OCLs   can be treated with a mixture of two (and possibly more) 
 Adenoviruses  , leading to coexpression of the protein products of 
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these viruses in the same cell. We describe here use of  Adenoviruses 
  to express exogenous proteins, and use of  Lentiviruses   to knock 
down expression of endogenous proteins in  OCLs  , singly or in 
combination.

    1.      Adenoviruses   : Cloning and initial preparation of  adenoviruses 
  is beyond the scope of this chapter and will not be described 
here. We produce  Adenoviruses   using the commercial AdEasy 
XL Adenoviral Vector System (Stratagene, Agilent 
Technologies, Inc., Santa Clara, CA, USA). After obtaining an 
initial viral clone we amplify the viruses by infecting HEK293 
cells ( see   Note    11  ) by adding a small amount of virus to the 
growth medium and waiting until most of the cells are infected. 
This point can be determined the signifi cant change in the 
cells’ morphology and widespread cell death after 24–72 h, 
depending on the concentration of the virus stock. Cells 
(adherent and fl oating) are then collected in the growth 
medium in the plate and sonicated; the sonicate is centrifuged, 
and the supernatant is fi ltered and stored in aliquots at −80 °C 
until used ( see   Note    12  ).   

   2.     Infection with    Adenoviruses   : 48 h after seeding  bone marrow 
  cells and initiating their differentiation with  RANKL   and 
M-CSF, replace medium with a mixture of  OCL   medium con-
taining M-CSF and  RANKL   (1/2 of the volume normally 
used, e.g., 1 ml for a well of a 6-well plate) and  Adenovirus 
  suspension (50–300 μl) ( see   Notes    13  –  15  ).   

   3.    After an overnight incubation, remove the virus-containing 
medium and replace with fresh  OCL   medium supplemented 
with  RANKL   and M-CSF.   

   4.    Replace medium once every 24 h until the cells are collected. 
 Adenoviruses   do not lyse  OCLs  , so no signifi cant cell death is 
expected (unless the viral preparation is contaminated or the 
specifi c protein expressed by the viruses kills the cells). Collect 
cells and analyze (e.g., Fig.  2a ).

       5.      Lentiviruses   : In brief, viruses are prepared by transfecting the 
various plasmids of the  Lentivirus   system into HEK293 cells 
plated on poly-lysine. Following  transfection  , replace medium 
of the HEK293 cells with a minimal volume of medium con-
taining 2 % serum (e.g., 5 ml/10 cm plate). Collect medium 
after 36 h and fi lter through a 0.45 μm fi lter. Viruses can be 
stored in at this stage for up to 10 days at 4 °C.   

   6.     Infection with    Lentiviruses   : 72 h after seeding  bone marrow   cells 
and initiating their differentiation with  RANKL   and M-CSF, 
remove medium. Replace medium with  Lentivirus   suspension 
supplemented with 8 μg/ml polybrene ( see   Note    16  ).   

   7.    Centrifuge cells while in their plates at 500 ×  g , 30 °C, 
for 90 min. Wrap plates with Parafi lm or equivalent prior to 
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  Fig. 2    Use of  Adenoviruses   and  Lentiviruses   to express exogenous genes and to 
inhibit endogenous genes, respectively, in OCLs. ( a ) OCLs from protein tyrosine 
phosphatase epsilon (PTPe) knockout mice were infected with  Adenoviruses 
  expressing cyt-PTPe and RPTPe (the cytosolic and receptor-type isoforms of PTPe, 
respectively). Note expression of both proteins in the infected cells. (−): uninfected 
knockout cells. ( b ) Inhibition of endogenous Grb2 protein expression by three shR-
NAs. Wild-type OCLs were prepared from mouse  bone marrow   and infected with 
 Lentiviruses   expressing non-targeting shRNA (NT) or one of three distinct shRNAs 
targeting Grb2 (SH2, SH3, and SH4). Shown are protein blots depicting Grb2 pro-
tein ( top strip ) and Tubulin (loading control,  bottom strip ). ( c ) Downregulation of 
endogenous Grb2 and its replacement with exogenous Grb2. Wild type OCLs were 
infected with  lentiviruses   containing the Grb shRNA SH4, and then infected with 
 Adenoviruses   expressing HA-tagged exogenous Grb2. Non-targeting shRNA (NT) 
served as control for downregulation of endogenous Grb2. Shown are protein 
blots depicting HA-Grb2 (anti-HA;  top strip ), HA-Grb2 and endogenous Grb2 (anti-
Grb2;  middle strip ), and actin (loading control,  bottom strip ). Note that while SH4 
downregulates the exogenous HA-Grb2 to some extent, the process results in 
replacing about 2/3 of endogenous Grb2 protein with the exogenous protein. The 
HA tag shifts migration of the 25 kDa Grb2 protein;  asterisk marks  nonspecifi c 
protein band. OCLs were prepared from mouse  bone marrow   as described in 
Subheading  3.1 ; Lentiviral and Adenoviral infections were performed as described 
in Subheading  3.3 . Molecular mass markers are in kDa       
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centrifugation to prevent rapid loss of carbon dioxide and pH 
changes, and to preserve sterility.   

   8.    Following centrifugation, remove virus suspension and replace 
with fresh  OCL   medium, supplemented with RANK and 
M-CSF. Return to tissue culture incubator.   

   9.    Replace medium once per 24 h until the cells are collected. 
Collect cells and analyze (e.g., Fig.  2b ).   

   10.     Infection with    Lentiviruses     and    Adenovirus    ( see   Note    17  ): 
Infect cells initially with  Lentiviruses   48 h after seeding, 
according to the above protocol.   

   11.    24 h later, infect with  Adenoviruses   as described above.   
   12.    The day following addition of the  Adenoviruses  , replace 

medium with  OCL   medium/M-CSF/ RANKL   and repeat 
once every 24 h until the cells are collected (e.g., Fig.  2c ).    

     Studying cell signaling in  OCLs   requires adaptations to account 
for the sensitivity of these cells to removal of serum or other key 
factors from the medium, and their very tight adherence to the 
surface on which they grow. Here we describe examining signaling 
triggered by M-CSF, estrogen, and physical adhesion to matrix.

    1.    Prepare  OCLs   from mouse  bone marrow   as described in 
Subheading  3.1  or  3.2 . Grow cells in  OCL   medium supple-
mented with M-CSF and  RANKL  , replacing the medium 
every day. It is often convenient to seed cells in wells of 6-well 
plates; each well will contain suffi cient cells for analysis of a 
single time point in a signaling experiment. Seed 6–7 × 10 6  
cells per well; a single 129SvEv strain young adult male mouse 
(aged 2–3 months) will typically provide suffi cient cells for 
four to fi ve such wells.   

   2.     For M-CSF stimulation : On Day 4 (seeding is counted as Day 
0), starve the cells: Remove the medium, wash the cells once 
with PBS, and add  OCL   medium containing 1 % serum (with-
out cytokines) for up to 4 h ( see   Note    18  ).   

   3.    After the starvation period, stimulate the cells by adding 
M-CSF to the medium (100 ng/ml fi nal concentration), and 
collect samples at times 0, 2, 5, 15, and 30 min.   

   4.    Rinse plates with cold PBS. Remove PBS as best possible using 
a Pasteur pipette and vacuum. Lyse cells in NP40 lysis buffer 
(or any other suitable lysis buffer, supplemented with protease 
and  phosphatase   inhibitors), collect cells with the aid of a rub-
ber policeman ( see   Note    19  ) into an Eppendorf tube, incubate 
on ice for 10 min, and spin down nuclei and debris at 14,000 ×  g  
for 5 min.   

   5.    Remove supernatant to a new tube and determine protein 
concentrations using an appropriate method, such as the 
Bradford technique.   

3.4  Studying Cell 
Signaling in Cultured 
 OCLs  
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   6.    Analyze by protein (Western)  blotting   M-CSF receptor 
amounts and  phosphorylation   (e.g., at Y809),  phosphoryla-
tion   of  ERK   and AKT.   

   7.     For acute Estrogen signaling : Prepare, seed and grow cells as 
described in  step 1  above, in  OCL   medium supplemented 
with M-CSF and  RANKL  . Feed cells with fresh  OCL   medium 
with cytokines daily.   

   8.    On the morning of Day 3, remove the medium and wash the 
cells once with PBS. Add estrogen-free  OCL   medium supple-
mented with M-CSF and  RANKL   ( see   Note    20  ). Feed cells 
once again with estrogen-free  OCL   medium supplemented 
with cytokines in the evening of Day 3.   

   9.    On the morning of Day 4 examine the cells. If the culture 
looks well-differentiated proceed to  step 10  below. If not, 
wait a few hours to allow the cells to complete their 
differentiation.   

   10.    Add estrogen directly to the medium for a fi nal concentration 
of 10 nM. Collect cells at times 0, 2, 5, 15, 30 min ( see   Note  
  21  ). Collect cells as described in  steps 4  and  5  above.   

   11.    Analyze cell lysates by protein blotting for  phosphorylated   
(activated) ERK, AKT.   

   12.     Adhesion : In this protocol adherent cells are detached from 
the plate, held in suspension, and then replated on surfaces 
coated with various proteins, thus triggering integrin signal-
ing.  OCLs   adhere to matrix very strongly; in our hands, 
mature  OCLs   cannot be detached without damaging them. 
To circumvent this diffi culty we often work with pre- OCLs  , 
which are easier to detach and which can withstand this process 
better ( see   Note    22  ).   

   13.    Prepare, seed ( see   Note    23  ) and grow cells as described in  step 
1  above, in  OCL   medium supplemented with M-CSF and 
 RANKL  .   

   14.    Grow cells until Day 4 with daily changes of medium.   
   15.    On Day 4, starve cells for 4 h in  OCL   medium containing 1 % 

serum, (no M-CSF or  RANKL  ) as described in  step 2  above.   
   16.    In parallel, on Day 4 coat plates with fi bronectin or other pro-

teins you may wish to study. Dilute stock solution with PBS, to 
a working concentration of 20 μg/ml. Add 1.5 ml per well of 
a 6-well plate and incubate for 1 h at 37 °C (or overnight at 
4 °C, if prepared the day before). Remove fi bronectin solution 
and replace with  OCL   medium until used in  step 18  below 
( see   Notes    24   and   25  ).   

   17.    After starvation, wash the plates containing the cells with 
PBS. Add 10 mM EDTA/PBS solution (1.5 ml per well of a 
6 well plate) and incubate at room temperature for 10 min. 
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After incubation for 10 min, detach cells by gently pipetting 
and washing the plate with the volume of EDTA/PBS solution 
it contains.   

   18.    Collect the cells into a 15 ml test tube.   
   19.    Wash plate once again with a similar volume of 10 mM EDTA/

PBS. Add the washings to the cells collected previously.   
   20.    Spin down the cells by centrifugation at 200 ×  g  for 3 min at 

room temperature.   
   21.    Suspend cells in 5 ml of DMEM-HEPES medium (containing 

1 mg/ml BSA).   
   22.    Keep cells in suspension for 1 h with gentle mixing to keep the 

cells suspended throughout this period. This step is per-
formed in the tissue-culture incubator to maintain proper 
temperature.   

   23.    Seed cells on fi bronectin-coated plates. Collect adherent cells at 
various time points (15, 30, 60 and 120 min) and analyze inte-
grin signaling as indicated in  steps 4  and  5  above (followed by 
protein blotting for, for example, activated Src or Pyk2). 
Alternatively it is possible to monitor spreading of the cells by 
following their appearance using a suitable microscope.    

4                                    Notes 

     1.    M-CSF and  RANKL   can be purchased from commercial pro-
viders or produced and purifi ed in-house using any of a variety 
of bacterial or cellular systems that overexpress M-CSF or 
 RANKL   cDNAs. In some cases M-CSF can be used in the form 
of conditioned media from cells that overexpress it. The choice 
of source should balance the relatively high cost of these 
cytokines when obtained commercially with the need for 
reagents of consistent high quality. The specifi c brands and 
types of M-CSF and  RANKL   noted work well in our hands, but 
are by no means the only sources for these reagents.   

   2.    The strain of mice used can result in signifi cant differences in 
the yield of  OCLs  . Mice from strain 129 SvEv provide excel-
lent cultures and we routinely use this strain in our work. 
C57Black/6 mice can be used, but in our hands yield cultures 
that contain fewer cells than 129 SvEv mice. One can also pre-
pare  OCLs   from  bone marrow   of mice that carry a fl oxed allele 
that has not been recombined by Cre. Cre recombinase can 
later be expressed in these cells using  adenoviruses  , leading to 
recombination in culture.   

   3.    The femur contributes the highest amount of  bone marrow   cells, 
followed by the tibia. An additional relatively small number of 
cells can be obtained from the humerus, if forelimbs are 
collected as well.   
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   4.    Sterility: As the cells collected will be kept in culture for several 
days, it is critical to ensure that the cells entering culture are 
sterile. On the other hand, good tissue culture practice pre-
vents presence of mice (live or after sacrifi ce) in tissue culture 
rooms for fear of contamination. Our practice is then to iso-
late intact bones from mice in a standard clean, but not ster-
ile, laboratory using sterilized surgical equipment and sterile 
plasticware (even though they rapidly lose their sterility), and 
then to sterilize the bones with 70 % ethanol prior to moving 
them into the tissue culture hood as described in Stage 6. From 
that point on, the bones and later on cells are handled in abso-
lute sterility and are manipulated with a fresh set of sterile sur-
gical instruments. We do not experience contaminations using 
this protocol.   

   5.    We have not verifi ed the maximal length of time a given bone 
can wait for subsequent bones to be collected without loss of 
viability of  bone marrow   cells. However, as a rule of thumb, if 
the maximal wait is expected to exceed 1 h we either reduce 
the number of mice processed or increase the number of peo-
ple performing the  dissections  .   

   6.    A 27″ needle is used since it is thin enough to enter the  bone 
marrow   cavity of both the tibia and femur and facilitates easy 
fl ushing. Due to the narrow diameter of the 27″ needle, it is 
easiest to aspirate the medium into the syringe with the needle 
removed, and only then to attach the needle. Also, it is possible 
to use PBS for fl ushing instead of  OCL   medium.   

   7.    The femur is relatively easy to fl ush from either end as its internal 
diameter is constant and relatively large, and the needle fi ts in 
it well. The internal diameter of the tibia, on the other hand, 
narrows as one moves distally. Consequently, we cut off the 
distal third of the tibia to ensure proper fl ow. If the distal end 
of the tibia is too narrow for the fl ushing process, shorten this 
end further and repeat fl ushing.   

   8.    At this point one may shift to the protocol from Subheading  3.2  
to isolate monocytes from the  bone marrow   cells.   

   9.    If cells are to be examined using  immunofl uorescence   methods, 
plate them on glass coverslips (one round 13 mm diameter 
coverslip per well of a 24-well plate, or several round or square 
coverslips per larger plate). When removing the medium by 
vacuum suction, take care not to lift or break glass coverslips 
that may be present in the plates/wells.   

   10.    It is possible to omit  RANKL   from the medium on the day of 
seeding without harming the eventual differentiation process.   

   11.     Adenoviruses   can be packaged any subclone of HEK293 cells, 
so long as they adhere well to the plate.   

   12.     Adenoviruses   can infect human cells and tissues. Take care to 
handle adenoviral preparates with care and to dispose of them 
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and of objects that come in contact with them according to 
your Institution’s regulations.   

   13.    We use the viruses without titering. It has been our experience 
that  adenoviruses   prepared from HEK293 cells that appear 
completely infected 24 h after adding the virus stock to the 
uninfected cells are concentrated enough for use with  OCLs  .   

   14.    In order to conserve adenoviral stock, use the minimal volume 
required to cover the plate at this stage (e.g., 4.5 ml/10 cm 
plate).   

   15.    Cells may be coinfected with a mixture of more than one type 
of  adenovirus  .   

   16.    Polybrene is conveniently prepared and stored as a 1000× 
stock of 8 mg/ml in water.   

   17.    This protocol is convenient if one wishes to downregulate 
expression of an endogenous protein (using siRNA expressed 
by  lentiviruses  ) and express an exogenous protein in its place 
(using  adenoviruses  ).   

   18.     OCLs   are quite sensitive to withdrawal of M-CSF or  RANKL  . 
Removal of these factors should be for a relatively short time, 
such as 4 h, which allows signaling to reduce to baseline values 
without signifi cantly harming the cells.   

   19.     OCLs   are markedly adherent. Use rubber policeman to ensure 
complete removal of cells from the plate.   

   20.    Although many stimuli activate the same cellular molecules 
and pathways, the sensitivity of  OCLs   to removal of M-CSF 
and  RANKL   makes it imperative to avoid their removal unless 
required. We fi nd that removal of estrogen from the medium 
(by using medium devoid of phenol red and containing 
charcoal- stripped serum) while leaving M-CSF and  RANKL 
  maintains health of the cells and succeeds to reduce  phosphor-
ylation   of relevant signaling molecules to a minimum.   

   21.    Preparation of estrogen: Dissolve powder in pure ethanol, 
1 mg/ml. Note that estrogen dissolves with some diffi culty and 
may require gentle heating. Use glass tubes for preparation and 
storage of the stock solution. It is possible to dilute the stock to 
20 μg/ml in  OCL   alpha-MEM medium without phenol red and 
store frozen. Do not refreeze thawed aliquots.   

   22.    Alternative protocols that are not discussed here include grow-
ing  OCLs   on a  collagen   gel. The gel can be degraded with 
 collagenase  , thus releasing the mature  OCLs   to be used as 
described here.  OCLs   held in suspension can also be treated 
with activating anti-integrin antibodies as an alternative to 
allowing them to readhere to matrix.   

   23.    Be prepared to experience signifi cant cell loss once cells are 
detached from the plate. To counter this, seed more plates/wells 
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for those cultures that are meant to be detached. For example, 
we seed 9 wells of a 6-well plate as follows: 1 well to analyze 
adherent cells, 4 wells to analyze cells held in suspension, and 
4 wells to analyze suspended cells that have been allowed to 
reattach to the plate. Cell loss can be reduced if the cells are 
plated and grown on plates made of bacteriological- grade 
plastic, to which they adhere relatively weakly.   

   24.    It is possible to leave the fi bronectin solution in the wells and 
remove it only prior to use.   

   25.    It is possible to coat the plates with other proteins, vitronectin 
(an αvβ3 integrin ligand) or BSA, which is not an integrin 
 ligand  , for control purposes.           
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    Chapter 17   

 Functional Analysis of Protein Tyrosine 
Phosphatases in Thrombosis and Hemostasis                     

     Souad     Rahmouni     *,     Alexandre     Hego    *,     Céline     Delierneux    , 
    Odile     Wéra    ,     Lucia     Musumeci    ,     Lutz     Tautz    *, and     Cécile     Oury    *   

  Abstract 

   Platelets are small blood cells derived from cytoplasmic fragments of megakaryocytes and play an essential 
role in thrombosis and hemostasis. Platelet activation depends on the rapid phosphorylation and dephos-
phorylation of key signaling molecules, and a number of kinases and phosphatases have been identifi ed as 
major regulators of platelet function. However, the investigation of novel signaling proteins has suffered 
from technical limitations due to the anucleate nature of platelets and their very limited levels of mRNA 
and de novo protein synthesis. In the past, experimental methods were restricted to the generation of 
genetically modifi ed mice and the development of specifi c antibodies. More recently, novel (phospho)
proteomic technologies and pharmacological approaches using specifi c small-molecule inhibitors have 
added additional capabilities to investigate specifi c platelet proteins. 

 In this chapter, we report methods for using genetic and pharmacological approaches to investigate the 
function of platelet signaling proteins. While the described experiments focus on the role of the dual- 
specifi city phosphatase 3 (DUSP3) in platelet signaling, the presented methods are applicable to any signaling 
enzyme. Specifi cally, we describe a testing strategy that includes (1) aggregation and secretion experiments 
with mouse and human platelets, (2) immunoprecipitation and immunoblot assays to study platelet signaling 
events, (3) detailed protocols to use selected animal models in order to investigate thrombosis and hemo-
stasis in vivo, and (4) strategies for utilizing pharmacological inhibitors on human platelets.  

  Key words     Platelets  ,   Aggregation  ,   Secretion  ,   Signaling  ,   Flow cytometry  ,   Aggregation under fl ow  , 
  Selectin  ,   JON/A  ,   Calcium  ,   Bleeding time  ,   Collagen  ,   CLEC-2  ,   GPVI  ,   ADP  ,   Thrombin  ,   Intravital 
microscopy  ,   Ferric chloride  ,   Thromboembolism  ,   DSPs  ,   Dual-specifi city phosphatases  ,   PTPs  ,   Protein 
tyrosine phosphatases  ,   DUSP3  ,   VHR  ,   Small molecule inhibitors  ,   Western blots  ,   Immunoprecipitation  

1       Introduction 

 Platelets are small anucleate cytoplasmic fragments of megakaryocytes 
produced in the  bone marrow   [ 1 ,  2 ]. Human platelets circulate for 
approximately 7–10 days in the blood stream before being cleared 
by macrophages in the spleen and liver. Only when the  endothelial 
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302

cell   layer of blood vessels is damaged by injuries or pathological 
alterations, the adhesive potential of platelets becomes evident. 
Under these conditions, components of the subendothelial extra-
cellular matrix (ECM) are exposed and trigger sudden platelet acti-
vation and adhesion [ 3 ]. The fi rst step in the hemostatic cascade is 
the interaction of platelets with the exposed ECM, which contains 
a large number of adhesive macromolecules, such as laminin, fi bro-
nectin,  collagen  , and von Willebrand factor (vWF). The initial 
tethering of platelets to the ECM is mediated by the interaction 
between the platelet receptor glycoprotein (GP) Ib and vWF 
bound to  collagen  . The binding of GPIb to vWF has a fast off-rate 
and is therefore insuffi cient to mediate stable adhesion. ‘Rolling’ 
platelets establish contacts with the thrombogenic ECM protein 
 collagen   through their immunoglobulin superfamily receptor 
 GPVI  . This receptor triggers intracellular signals that shift platelet 
integrins to a high-affi nity state and induce the release of the 
secondary mediators  adenosine diphosphate (ADP)   and throm-
boxane A 2  (TXA 2 ). These agonists, together with locally produced 
thrombin,  contribute   to cellular activation by stimulating G-protein 
coupled receptors, which induce various signaling events and act 
synergistically to induce full platelet activation [ 4 ,  5 ]. 

 Platelet activation depends on the rapid  phosphorylation   and 
 dephosphorylation   of key signaling proteins, particularly on tyro-
sine residues. The repertoire of  protein tyrosine kinases (PTKs)   has 
been well described in platelet activation (reviewed in ref.  6 ). 
However, the expression, regulation, specifi city, and function of 
the platelet-expressed protein tyrosine phosphatases (PTPs) are 
largely unknown. Quantitative proteomic analyses revealed that 14 
out of 37 known classical,  phosphotyrosine  -specifi c PTPs are 
expressed in human platelets [ 7 ,  8 ]. However, only a few of these 
enzymes, including  PTP1B  , SHP1, SHP2, and CD148, have been 
investigated in platelet signaling [ 8 ,  9 ]. Expression and function of 
the dual-specifi city phosphatases (DSPs),  the   largest subgroup of 
PTPs with (additional) activity towards  phosphoserine   and  phos-
phothreonine   or non-protein substrates, are largely unknown. 

 Because platelets have no nucleus and only very limited levels of 
mRNA and de novo protein synthesis, standard  RNA interference   or 
recombinant DNA techniques cannot be used to investigate novel 
regulatory platelet proteins. Instead, such studies depend on the 
generation of knockout animals and the development of specifi c 
antibodies, tool compounds, and new technologies such as (phos-
pho)proteomics. Using both genetic knockout and pharmacological 
inhibition, we recently identifi ed the  dual- specifi city phosphatase 3 
(DUSP3)   as a major player in platelet biology [ 10 ]. This was the fi rst 
time a  DSP   had been implicated in platelet function. We showed 
that  DUSP3   is essential for platelet activation and thrombus forma-
tion in vivo. We also demonstrated that signaling via the canonical 
 GPVI   and C-type lectin-like receptor (CLEC) 2-induced pathways 
is impaired in  DUSP3  -defi cient platelets. To investigate  DUSP3 
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  function in human platelets, we developed a novel  small-molecule 
inhibitor   of  DUSP3  . We showed that  inhibition   of  DUSP3   activity 
in human platelets phenocopies the effect of  DUSP3   defi ciency 
in murine cells, providing proof-of- principle for a  DUSP3  -based 
therapeutic approach in arterial thrombosis. 

 In this chapter we describe methods to investigate the role of 
 DUSP3   in platelet signaling and activation. These methods are 
generally applicable also to other PTPs or signaling proteins. We 
provide detailed instructions on how to study platelet function 
both ex vivo (mouse and human platelets) and in vivo in mice.  

2    Materials 

 All chemicals used should be of analytical grade. Distilled water 
(dH 2 O) should be used for preparation of all buffers. 

         1.    Ketamine–xylazine mix: Ketamine 1000 and xylazine (Xyl-m; 
2 %). Stock concentrations: ketamine 100 mg/μL, xylazine 
20 mg/μL. Prepare an anesthetic cocktail just before the anes-
thesia with a fi nal concentration 100 mg/kg of ketamine and 
10 mg/kg of xylazine. Add (body weight × 1 × 1.5 μL) of ket-
amine stock and (body weight × 0.5 × 1.5 μL) of xylazine stock. 
Complete with NaCl 0.9 % to 300 μL. Inject to mice intraperi-
toneally (i.p.) 200 μL of the ketamine–xylazine mix using a 
1 mL syringe with 26 G needle. Check for depth of anesthesia 
after 10–15 min by pinching the footpad of the mouse using 
forceps or fi ngertips. If the animal withdraws the foot or even 
“cries,” anesthesia is not deep enough to proceed. If required, 
mice should be maintained under anesthesia by injecting 
Nembutal ( see   Notes    1   and   2  ).      

   
 Anticoagulant usage depends on the type of experiment as they can 
infl uence the results. For human and mouse platelet preparations, 
we recommend acid citrate dextrose (ACD) as anticoagulant when 
working with washed platelets, and citrate when working with 
whole blood or platelet-rich-plasma (PRP). Heparin should be 
avoided because of its platelet activating properties [ 11 ].

    1.    Acid-citrate dextrose (ACD) buffer: Dissolve 27.35 g sodium 
citrate (93 mM), 1.471 g citric acid (7 mM), and 0.252 g dex-
trose (14 mM) in a fi nal volume of 1 L of dH 2 O. This buffer 
can be kept at 4 °C for up to 6 months. Use 1 volume of anti-
coagulant for 6 volumes of blood. Just before the blood collec-
tion, add 1 U/mL of apyrase grade I. Once thawed, apyrase 
should not be frozen a second time.   

   2.    Citrate buffers:
 ●    Sodium citrate tribasic dehydrate 3.2 %: dissolve 40 g in 

1 L dH 2 O.  

2.1  Anesthetic 
Reagents

2.2  Anticoagulants
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 ●   Sodium citrate tribasic dehydrate 3.8 %: dissolve 47.5 g in 
1 L dH 2 O.       

  Buffers can be kept at 4 °C for up to 6 months. 
 Use 1 volume of citrate 3.2 % for 9 volumes of human blood, 

and 1 volume of citrate 3.8 % for 9 volumes of mouse blood.  

       1.    1 mL syringes with 26 G needles and 10 mL syringes with 
18 G needles.   

   2.    1.5 mL polypropylene Eppendorf tubes.   
   3.    Disposable Capillaries (10 μL).   
   4.    50 mL polypropylene conical tube.   
   5.    Apyrase.      

       1.     Stock CaCl 2 : 21.9 g (100 mM) CaCl 2  in 1 L dH 2 O.   
   2.    Stock solutions for Tyrode’s buffer: 

 ●     Stock solution 1: 8.01 g (137 mM) NaCl; 1.01 g (12 mM) 
NaHCO 3 ; 0.149 g (2 mM) KCl; 0.060 g (0.34 mM) 
Na 2 HPO 4 . Dissolve in 1 L of dH 2 O. 

 ●  Stock solution 2: Dissolve 119.2 g (5 mM) HEPES pow-
der in 1 L of dH 2 O.  

 ●   Stock solution 3: Dissolve 203.3 g (1 mM) MgCl 2  in 1 L 
of dH 2 O.    
 Stock solutions can be kept at 4 °C for up to 6 months.   

   3.    Tyrode’s buffer: dissolve 10 mg of glucose and 35 mg of BSA 
in 10 mL of stock solution 1. Add 100 μL of stock solution 2 
and 10 μL of stock solution 3. Bring to room temperature and 
use within the day of preparation.   

   4.    Microcentrifuge.   
   5.    Benchtop centrifuge with swinging bucket rotor.   
   6.    15 and 50 mL polypropylene conical tubes.   
   7.    Hematology analyzer. We used Cell-Dyn 3700 from Abbott.   
   8.    Cuvettes 450 μL (ChronoLog Corporation).   
   9.     ChronoLog   siliconized stir bars (ChronoLog Corporation).   
   10.    Lumi-Aggregometer. We used ChronoLog Lumi- 

Aggregometer from ChronoLog Corporation.   
   11.    200 μL gel loading tips.       

       1.      FITC- conjugated   anti-mouse CD62P antibody (clone 
RB40.34, BD Biosciences).   

   2.    PE-conjugated anti-mouse  active   form of α IIb β 3  (clone JON/A, 
Emfret Analytics).   

2.3  Blood Collection

2.4  Platelet 
Preparation 
and Aggregation

2.5  Platelet 
Secretion Using Flow 
Cytometry
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   3.    PE-conjugated anti-human CD62P antibody (clone AC 1.2, 
BD Biosciences).   

   4.    FITC-conjugated anti-PAC1 antibody (clone PAC-1, BD 
Biosciences).   

   5.    5 mL polystyrene round bottom tube.   
   6.    1 % of Paraformaldehyde (PFA) ( see   Note    3  ).   
   7.    BD FACS™ lysing solution (BD Biosciences); 10× concen-

trate. To be diluted in dH 2 O.        

       1.      Cuvettes   450 μL (ChronoLog Corporation).   
   2.    Siliconized stir bars (ChronoLog Corporation).   
   3.    200 μL gel loading tips.   
   4.    96-well fl at bottom plates.   
   5.    Pierce Coomassie (Bradford) Protein Assay Kit (Thermo 

Scientifi c).   
   6.    Spectrophotometer.   
   7.    Complete EDTA-free  protease inhibitor   cocktail.   
   8.     PhosphoSTOP   phosphatase  inhibitor   cocktail.   
   9.    Stock solutions for platelet 4× lysis buffer:

 ●    5 M NaCl: dissolve 292.2 g NaCl in 1 L dH 2 O.  
 ●   1 M Tris–HCl, pH 7.5: dissolve 60.55 g of Tris (hydroxy-

methyl aminomethane) in 460 mL dH 2 O. Adjust the pH 
to 7.5 with conc. HCl. Bring to 500 mL with dH 2 O.  

 ●   0.5 M EDTA pH 8: Dissolve 93.05 g EDTA in 460 mL 
dH 2 O. Adjust the pH to 8.0 using 1 M NaOH. Bring to 
500 mL with dH 2 O.  

 ●   0.5 M EGTA pH 8: dissolve 95.1 g of EGTA in 460 mL 
dH 2 O. Adjust the pH 8.0 with 1 M NaOH. Bring to 
500 mL with dH 2 O.      

   10.    Platelet 4× lysis buffer: 60 mL of 5 M NaCl; 20 mL of 0.5 M 
Tris–HCl; 4 mL of 0.5 M EGTA; 4 mL of 0.5 M EDTA, and 
20 mL of 100 % NP-40. Bring to 500 mL with dH 2 O. Mix 
well. Store the buffer at 4 °C for up to 6 months. 

 When needed, prepare 2× platelet lysis buffer and add fresh 
complete EDTA-free  protease inhibitor   cocktail and 
PhosphoSTOP phosphatase  inhibitor   cocktail. Stocks of protease 
and phosphatase  inhibitor   cocktails can be prepared in advance 
(concentration 20×) and stored at −20 °C in small aliquots.   

   11.    Stock solutions for Laemmli 2× sample buffer.
 ●    20 % SDS: dissolve 20 g SDS in 100 mL dH 2 O.  
 ●   1 M Tris–HCl pH 6.8: dissolve 121.14 g Tris in 1 L dH 2 O 

and adjust pH to 6.8 with HCl.      

2.6  Platelet 
Activation, Lysis, 
Immunoprecipitation 
(IP), and Immunoblot

Function of PTPs in Platelets



306

   12.    Laemmli 2× sample buffer: (4 % SDS) 2 mL of 20 % SDS; (20 % 
glycerol) 2 mL of 100 % glycerol; (50 mL Tris–HCl) 1 mL of 
500 mM Tris–HCl; 1 mg of bromophenol blue (0.01 %). 
Adjust to 9 mL with dH 2 O. Stock in 800 μL aliquots at −20 °C. 
When needed, defreeze an aliquot and add 200 μL of 2-mercap-
toethanol. This solution can be kept at room temperature (RT) 
under a fume hood and is stable for up to 3 months.   

   13.    Immunoblot Assays:
 ●    Vertical acrylamide electrophoresis unit with power 

supply.  
 ●   Electroblotting unit, fully submerged.  
 ●   Nitrocellulose membrane (0.45 μm pore size).  
 ●   Whatman #1 fi lter paper.  
 ●   Methanol.  
 ●   Precast 4–20 % Tris–Glycine gradient gels.  
 ●   SDS running buffer; 10× stock solution (2 L): 60.4 g Tris 

base, 288 g glycine, 20 g SDS. Make up the solution close 
to the desired volume using dH 2 O. Stir for 10 min. Adjust 
the pH to be between 8.1 and 8.5. Adjust with dH 2 O to 
the fi nal desired volume.  

 ●   TBST buffer; 10× stock solution (1 L): 24.2 g Tris base, 
80 g NaCl, add 800 mL of cold dH 2 O, adjust pH to 7.6 
by adding ~15 mL conc. HCl, and add 10 mL Tween 20. 
Stir until Tween is completely dissolved and adjust the fi nal 
volume to 1 L using cold dH 2 O.  

 ●   Blocking buffer: 3 % BSA in 1× TBST; 5 % fat-free milk in 
1× TBST.  

 ●   Molecular weight marker: Mix equal volumes of MagicMark 
(Life Technologies) and SeeBlue Plus2 Prestained Protein 
Standards (Life Technologies). This will allow visual con-
trol of migration of proteins on the gel (SeeBlue) and visu-
alize the marker (MagicMark) together with proteins of 
interest after ECL.  

 ●   Optional: phospho-specifi c antibodies and pan-antibodies 
directed against the signaling molecules involved in the 
platelet receptor pathway of interest.  

 ●   Anti- phosphotyrosine   antibody (4G10 clone); anti-actin 
or anti-GAPDH antibodies; HRP-conjugated anti-mouse 
and anti-rabbit secondary antibodies.  

 ●   Chemiluminescent detection kit (ECL).          

       1.    Carboxyfl uorescein succinimidyl ester (CFSE). Add 50 μL of 
DMSO to one vial of 50 μg CFSE dye until fully dissolved. 
The stock solution is 1 μg/μL. Keep stocks at −20 °C pro-
tected from light.   

2.7  In Vivo 
Thrombosis Models
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   2.    Ferric chloride (FeCl 3 ). Prepare 10 % solution of FeCl 3  in dH 2 O. 
In 1.5 mL Eppendorf tube, dissolve 100 mg of FeCl 3  powder in 
100 μL of dH 2 O and vortex the mix. The solution should be 
freshly prepared.   

   3.    NaCl 0.9 % sterile: Mini Plasco NaCl 0.9.   
   4.    Horm  Collagen   (Takeda Austria GmbH).   
   5.    Epinephrine (1 mg/mL, Sterop laboratories).   
   6.    Forceps: Dumont 7 and Dumont 7b.   
   7.    Surgical scissor: Hardened Fine Iris Scissors.   
   8.    Spring Scissor: Spring Scissors—8 mm Blades.   
   9.    BD Intramedic™ Polyethylene Tubing (Non-Sterile). ID 

0.28 mm, OD 0.6 mm.   
   10.    Sponge: Sugi ®  points sterile (Kettenbach).   
   11.    0.5 × 0.5 × 0.5 cm triangle black plastic: from thin black 

plastic bag.   
   12.    4-0 silk suture.   
   13.    1 mm × 1 mm square Whatman fi lter paper.   
   14.    1.5 mL Eppendorf tubes.   
   15.    1 mL syringes with 26 G needles.   
   16.    Balance.   
   17.    Heating plate.   
   18.    Binocular stereomicroscope equipped with a double-arm led 

illuminator.   
   19.    Epifl uorescence Microscope equipped with 10× dry objective.       

3    Methods 

 Appropriate licensing and ethical permissions must be obtained 
from the researcher’s local ethical committee for all animal proce-
dures and experiments. Experiments using human samples should 
be approved by the researcher’s institutional review board, and 
should be in accordance with the Helsinki Declaration. 

 Platelets easily become activated during preparation, and shape 
change,  aggregation  , and release of granule content may occur. 
The ideal preparation method should provide resting platelets that 
respond to ex vivo stimulation similarly as they would do in vivo. 
Platelets should also maintain their responsiveness to stimuli for 
few hours after blood collection to allow in vitro experiments. To 
prevent platelet activation during preparation, strong mechanical 
forces such as vigorous shaking, fast pipetting, use of needles with 
small gauge numbers (<21 G), or of vacuum blood collection sys-
tem should be avoided. 
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   This method allows the collection of large blood volumes (up to 
1 mL) and therefore can only be used as a terminal procedure that 
should be performed by well-trained personnel. Cardiac puncture 
can also be used as a terminal procedure to allow the collection of 
0.8–1 mL of blood. However, this method requires the use of a 
syringe/needle that may lead to the activation/desensitization of 
platelets. In contrast, the retro-orbital method allows for free-fl ow 
blood collection with lower risk of platelet disturbances.

    1.    Anesthetize mice by intraperitoneal (i.p.) injection of ketamine–
xylazine mix as described in Subheading  2.1 .   

   2.    Prepare one Eppendorf tube (1.5 mL) for each mouse. Add 1 
volume of ACD and 1 U/mL of apyrase as described in 
Subheading  2.2 . Swirl the tubes to allow the anticoagulant mix 
to come into contact with tube walls.   

   3.    Verify that the mouse is deeply anesthetized by pinching its 
footpad with forceps or fi ngertips. With your fi rst fi nger and 
thumb, scruff the animal fi rmly enough to pull the skin around 
the eye (Fig.  1a ).

       4.    Detach gently the eyeball from adjacent tissues with the help of 
the capillary (Fig.  1b ).   

   5.    Insert the glass capillary into the medial canthus of the eye 
under the nictitating membrane (Fig.  1c ). Apply a rotation 
motion to the capillary to enter the slightly resistant sinus 
membrane (Fig.  1c ). When the vein is broken, the blood enters 
the capillary and fl ows into the collection tube.   

   6.    Stop collecting when the blood volume reaches 1 mL ( see  
 Note    4  ).   

   7.    Mix immediately the blood with the anticoagulant with a gentle 
up and down movement (do no vortex).   

   8.    Euthanize the mouse immediately after blood collection by 
cervical dislocation and make sure the animal is dead.      

3.1  Retro-orbital 
Mouse Blood 
Collection

  Fig. 1    Retro-orbital mouse blood collection. ( a ) With your index fi nger and thumb, scruff the animal fi rmly 
enough to pull the skin around the eye. ( b ) Detach gently the eyeball from adjacent tissues with the help of the 
capillary. ( c ) Insert the glass capillary into the medial canthus of the eye under the nictitating membrane and 
apply a rotation motion to the capillary to enter the sinus membrane       
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          1.    Centrifuge the Eppendorf tube containing the collected mouse 
blood for 5 s at 800 ×  g  followed by 5 min at 100 ×  g  at room 
temperature.   

   2.    Collect carefully the upper layer supernatant containing the 
platelet rich plasma (PRP) and transfer to a clean 15 mL coni-
cal tube. PRP from different mice of the same genotype can be 
pooled in one sample ( see   Note    5  ). Mix by gentle pipetting 
using a 1 mL tip.   

   3.    To wash platelets, dilute the PRP three times in ACD contain-
ing 1 U/mL apyrase at room temperature.   

   4.    Centrifuge at 800 ×  g  10 min at room temperature.   
   5.    Discard supernatant and dry the 15 mL tube walls using Tork 

wiping paper.   
   6.    Resuspend washed platelets pellet in 1 mL of 1× Tyrode’s buf-

fer containing 1 U/mL apyrase (room temperature). Mix gen-
tly by pipetting using 1 mL tips.   

   7.    To count cells, take an aliquot of 20 μL of washed platelet 
suspension and add 180 μL of Tyrode’s buffer. Mix gently by 
pipetting using a 1 mL tip and proceed with counting using 
a hematology analyzer. Set up the machine for mouse 
protocol.   

   8.    Platelets should be resuspended in 1× Tyrode’s buffer contain-
ing 1 U/mL apyrase to a concentration of 350 × 10 3  platelets/
μL for  aggregation   and  secretion   experiments, and to 500 × 10 3  
platelets/μL for immunoblot and  immunoprecipitation   (IP) 
experiments.      

     Light transmission aggregometry  is   a widely used method to assess 
platelet responses to agonists, inhibitors, or after depletion of a 
specifi c protein [ 12 ]. Platelet  aggregation   can be monitored by 
measuring the transmission of light (expressed as percentage of 
light transmission) through a platelet suspension (PRP or washed 
platelets). Single platelets in suspension form a turbid solution 
that reduces the transmission of light. After addition of a platelet 
receptor agonist, platelets form aggregates that reduce the sample 
turbidity resulting in an increase of light transmission [ 13 ,  14 ]. 
Light transmission aggregometry is considered the ‘gold stan-
dard’ for testing platelet function and allows rapid collection of 
data for platelet responsiveness to a variety of platelet receptor 
agonists in small sample volumes [ 15 ]. Thus, we recommend this 
method as the fi rst step to screen for platelet function defects in 
knockout animals. However, because this method is only semi-
quantitative and performed under non-physiological conditions 
that do not fully mimic aggregate formation in vivo, it should be 
combined with additional experiments (as described below) to 
assess platelet function.

3.2  Isolation 
of Mouse Washed 
Platelets

3.3  Mouse Platelet 
Aggregation Assay
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    1.    Aliquot 270 μL (350 × 10 3 /μL mouse platelets) of washed 
platelets in 450 μL cuvettes containing one siliconized stir 
bar.   

   2.    Let the platelets rest for 15 min at room temperature.   
   3.    Meanwhile, set the aggregometer to optical mode at 37 °C 

and 1200 rpm.   
   4.    Start the AGGRO/LINK8 program and select the test proce-

dure within the Aggregometer window. Select the number 
of channels to be used (usually two or four, depending on 
the available equipment. We used the ChronoLog 
Lumi-Aggregometer).   

   5.    Select “run patient” within the aggregometer window and 
indicate the test conditions when prompted.   

   6.    Make sure to place the cuvette with 500 μL Tyrode’s buffer in 
appropriate reference well.   

   7.    Start the assay by clicking on “OK”.   
   8.    Press “set baselines” pushbutton for each test channel.   
   9.    After baselines have stabilized, click on “Stop test” button and 

restart current test within the aggregometer window.   
   10.    Using the 200 μL gel loading tips, add 2.7 μL of the 100 mM 

CaCl 2  stock solution to each cuvette.   
   11.    About 30 s later, add the receptor agonist to be tested to each 

cuvette/sample. Start with the highest concentration ago-
nist to be tested. For example, 0.5–1 μg/mL of  collagen  -
related peptide (CRP) induces a full, irreversible  aggregation 
  of wild type (WT) mouse platelets 2 min after stimulation. 
Platelets from WT mice should always be used as a reference. 
Complete  aggregation   should be reached in the control 
conditions.   

   12.    When a complete (80–100 %) irreversible  aggregation   is 
achieved under control conditions, stop the assay and proceed 
with the next sample. If very low concentrations of platelet 
receptor agonist are used,  aggregation   may not be complete 
(usually lower than 50 %). In these cases, the assay should be 
stopped when the  aggregation   is plateauing.   

   13.    To calculate slope and amplitude, click on edit and set the start 
and stop time. Place the “start line” to where the agonist was 
added and the “stop line” to where the  aggregation   tracing was 
at full amplitude. Click on “done” and select “calculate result” 
within the Edit window. This command will allow calculation 
of the percentage of  aggregation   and the slope. Click the “OK” 
button to reveal the fi nal data in the data box. This  setting is 
specifi c to the ChronoLog Lumi-Aggregometer (ChronoLog 
Corporation).    
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        Flow cytometry   is a quantitative,    reliable, and sensitive method for 
the evaluation of platelet function. When activated, platelets 
undergo a shape change and release their granule content. As a 
result, several antigens are exposed on the platelet surface and can 
be utilized to discriminate between activated and resting platelets. 
P- selectin   (also known as CD62P) resides within the alpha-gran-
ules and becomes exposed on the membrane surface after platelet 
degranulation [ 16 ]. It is probably the most widely used labora-
tory marker of platelet activation, either alone or in combination 
with other markers [ 17 ]. Monoclonal antibodies directed against 
P- selectin   allow labeling and quantifi cation of degranulated 
platelets. Additionally, during platelet activation, integrin α IIb β 3  
(also known as GPIIb/IIIa) undergoes a conformational change 
by an inside-out activation phenomenon. The active form can be 
recognized using specifi c antibodies such as JON/A for mice and 
PAC-1 for humans [ 18 ]. Moreover, the conformational change 
allows fi brinogen to bind to its integrin receptor, and FITC-
conjugated fi brinogen can be used to detect platelet activation. 

 Platelet  secretion   can be analyzed on washed platelets, PRP, 
or whole blood. We describe two methods using either washed 
platelets or whole blood. Specifi cally, we provide experimental 
details for the analysis of α IIb β 3  integrin activation and P- selectin 
  exposure on CRP-activated mouse platelets. Similar methods can 
be used with other platelet agonists. 

   Platelet  secretion in whole   blood is fast, requires a very small volume of 
blood, and does not require platelet isolation, thereby limiting the 
steps that may lead to accidental platelet activation. However, this 
method requires the use of higher concentrations of platelet receptor 
agonists as compared to washed platelet suspensions. It is most useful 
when the amount of available blood is a limiting factor.

    1.    Prepare three aliquots (25 μL each) of citrate-anticoagulated 
mouse blood in three tubes (1 volume of 3.8 % citrate buffer 
for 9 volumes of mouse blood). Label the tubes as follows: no 
stimulation (NS), 1 and 3 μg/mL CRP.   

   2.    To tube NS, add of 0.9 % NaCl or Tyrode’s buffer; to the other 
tubes add 1 or 3 μg/mL of CRP (fi nal concentration), 
respectively.   

   3.    Incubate for 15 min at room temperature.   
   4.    Add 2.5 μL of FITC-CD62P and PE-JON/A antibodies. 

Mix gently and incubate for 15 min in the dark at room 
temperature.   

   5.    Add 1 mL of 1× BD FACS lysing solution and incubate for 
30 min.   

   6.    Analyze cells by  fl ow cytometry   within 48 h.    

3.4  Platelet 
Secretion Assay 
by Flow Cytometry

3.4.1  Mouse Platelet 
Secretion Assay in Whole 
Blood
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         1.    Prepare fi ve aliquots of 50 μL  each   (350 × 10 3 /μL platelets) 
in fi ve tubes. Label the tubes as follow: NS; 0.1, 0.3, 0.5, and 
1 μg/mL CRP.   

   2.    To tube NS, add of 0.9 % NaCl or Tyrode’s buffer, and to 
the other tubes add 0.1, 0.3, 0.5, and 1 μg/mL CRP (fi nal 
concentrations).   

   3.    Incubate for 15 min at RT.   
   4.    Add 2.5 μL of FITC-CD62P and PE-JON/A antibodies. Mix 

gently and incubate for 15 min in the dark at room 
temperature.   

   5.    Analyze cells by  fl ow cytometry   immediately. Otherwise, fi x 
stained cells by adding 1 % PFA and perform  fl ow cytometry 
  analysis within 48 h. In our experience, results do not signifi -
cantly differ between non-fi xed and PFA-fi xed platelets.   

   6.     Flow cytometry   analysis: Use the logarithmic scale to visualize 
platelets in forward-scatter (FSC) and side-scatter (SSC) axis 
and gate on platelets (P1) as shown in Fig.  2a . On P1, analyze 
the expression of JON/A and CD62P under resting and CRP- 
activated conditions. Resting platelets should not result in any 
staining. An example is given in Fig.  2b . If the platelets are even 
slightly positive for Anti-JON/A and/or anti-CD62P, the sam-
ple should be discarded as this indicates that platelets were acti-
vated during the preparation procedure. An example is shown 
in Fig.  2c . Figure  2d  shows an example of CRP-activated 
platelets.

            Light transmission aggregometry and the platelet  secretion   assay 
by  fl ow cytometry   are powerful methods to rapidly and directly 
assess platelet responses to different receptor agonists. They allow 
the identifi cation of receptor signaling pathways affected by a spe-
cifi c protein deletion or inhibition. After the identifi cation of such 
a pathway, immunoblot assays and IP of target proteins are the 
methods of choice to dissect signaling defects and perhaps identify 
the direct targets of the PTP of interest. For instance, the tyrosine 
 phosphorylation   pattern of CRP-activated platelets is well known 
in the platelet signaling fi eld. An example of an anti-  phosphotyrosine 
  immunoblot on CRP-activated WT and  DUSP3   −/−  mouse platelets 
is shown in Fig.  3a . The major tyrosine phosphorylated bands are 
located between 40 and 80 kDa molecular weights. Because CRP 
activation of platelets leads to tyrosine  phosphorylation   of the Src 
family kinases (SFKs, 50–55 kDa) and the spleen  tyrosine kinase   
(Syk, 70 kDa), anti- phosphotyrosine   immunoblots can be very 
informative. Next, if phosphospecifi c antibodies are available (as is 
the case for most SFKs and Syk), immunoblot assays on total lysates 
can be performed. Otherwise, IP of the target protein followed by 
anti- phosphotyrosine   immunoblot is required. As before, details 

3.4.2  Mouse Platelet 
Secretion Assay in Washed 
Platelets

3.5  Platelet 
Activation, Lysis, IP, 
and Immunoblot
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are provided for experiments using CRP to activate platelets 
through the  GPVI   receptor. However, the protocol can be easily 
adapted for experiments using other platelet receptor agonists.

         1.    Adjust the concentration of washed platelets (WPs) 
(Subheading  3.2 ) to 500 × 10 3  platelets/μL in Tyrode’s buffer 
without BSA. From the blood of two mice, up to 1 mL WPs 
can be obtained, which is enough to perform four IPs.   

3.5.1  Platelet Activation 
and Lysis
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  Fig. 2    Gating strategy to analyze platelet  secretion   by  fl ow cytometry  . ( a ) FSC and SSC axis (log scale) and gate 
on platelets (P1). ( b ) An example of resting platelets based on the analysis of JON/A and CD62P on P1 gated 
platelet population. ( c ) An example of platelets activated during preparation based on the analysis of JON/A and 
CD62P on P1 gate. ( d ) An example of CRP-activated platelets based on the expression of JON/A and CD62P       
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   2.    Aliquot 270 μL WPs in a 450 μL cuvettes containing one 
siliconized stir bar. One cuvette of pooled WPs from each mice 
genotype should be kept with no stirring (as a control for 
resting conditions).   

  Fig. 3    Examples of an anti-phosphotyrosine immunoblot assay on total lysates 
from mouse and human platelets. ( a ) Lysates were prepared from non-activated or 
CRP (0.3 μg/mL)-activated WT and  DUSP3  -KO washed platelets for the indicated 
periods of time.  Western   blot was performed using anti-phosphotyrosine (4G10) 
antibodies. ( b ) Lysates were prepared from vehicle (DMSO) or  DUSP3   inhibitor 
(MLS-0437605) pretreated washed human platelets. Cells were non- activated 
or CRP-activated (0.3 μg/mL) for the indicated periods of time, lysed, and immuno-
reacted using anti-phosphotyrosine antibody       
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   3.    Perform pipetting carefully as rapid fl ows may activate 
platelets.   

   4.    Let the platelets rest at room temperature for 25 min.   
   5.    Meanwhile, set the aggregometer on optical mode at 37 °C 

and 400 rpm.   
   6.    Prepare highly concentrated CRP working solutions in 

Tyrode’s buffer for each CRP concentration to be tested. This 
will ensure the addition of equal volume of CRP in all cuvettes 
(2 μL of CRP working solution to 270 μL WPs). Keep working 
solutions on ice until needed. Equilibrate at room temperature 
for 5 min before use.   

   7.    To analyze the tyrosine  phosphorylation   profi le of platelets on 
western  blots  , titration and time course activation with CRP 
(or other platelet receptor agonists) should be performed.   

   8.    Place the cuvettes in aggregometer set at 37 °C with stirring at 
400 rpm and equilibrate WPs for 30 s.   

   9.    Add 2 μL room temperature concentrated CRP solution using 
the long gel loading tips and stimulate for different time points 
(e.g., 30, 60, 90 s)   

   10.    Stop platelet activation by adding an equal volume of 2× lysis 
buffer containing 2× concentrated protease and phosphatase 
 inhibitors  .   

   11.    Transfer the cuvettes immediately on ice and transfer lysates 
into 1.5 mL Eppendorf tubes using long tips (Keep samples on 
ice or at 4 °C to preserve phosphorylated sites)   

   12.    Lyse for 30 min on rotator at 4 °C (in cold room).   
   13.    Centrifuge lysates at 7500 ×  g  at 4 °C and transfer supernatants 

into fresh 1.5 mL Eppendorf tubes.   
   14.    Determine the protein concentration of each sample using the 

Bradford assay in a 96-well plate.   
   15.    Prepare samples by adding equal volumes of 2× SDS Sample 

Buffer (e.g., 50 μL lysate + 50 μL 2× SDS sample buffer).   
   16.    Boil at 95 °C for 5 min to denature proteins. Use Eppendorf 

tubes that close tightly to avoid loss of samples by evaporation. 
Freeze the rest of lysates at −80 °C or proceed immediately 
with IP.   

   17.    Load denatured samples directly on 4–20 % Tris–Glycine gradient 
acrylamide gels for western  blot   assay or freeze at −20 or 
−80 °C for longer storage.   

   18.    Perform western  blot   as previously described [ 19 ].     

 When performing immunoblot assays using anti- 
 phosphotyrosine   antibodies (4G10) on activated vs. non-activated 
platelets, a gradual increase (over time of stimulation) of 
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tyrosine- phosphorylated bands should be observed in activated 
platelets, especially at molecular weights between 45 and 80 kDa 
(Fig.  3a ). The band corresponding to Syk (70 kDa) is of particular 
interest. Under non-activated conditions, no tyrosine-phosphory-
lated band should be observed at 70 kDa. When activated, Syk gets 
rapidly (30 s) phosphorylated on tyrosine and becomes visible on 
the total lysate blot. If Syk appears phosphorylated under resting 
conditions, WPs were likely activated during preparation, and 
results should be discarded ( see  also  Note    6  ). The identity of 
tyrosine- phosphorylated proteins should be confi rmed using 
 phosphotyrosine  - specifi c antibodies if available, or by IP of the 
candidate protein, followed by immunoblot assays using anti- 
 phosphotyrosine   antibodies.  

       1.     Thaw  lysates   from non-activated and activated WPs on ice for 
20 min.   

   2.    Meanwhile, prepare Protein A-Sepharose (or Protein G) beads 
for preclearing lysates from platelet-bound murine IgGs. Use 
20 μL slurry per sample and wash beads with 1 mL ice cold PBS 
three times by centrifuging beads at 800 ×  g  for 1 min at 4 °C.   

   3.    After centrifugation, let the beads rest for 2 min on ice before 
discarding supernatant.   

   4.    Resuspend washed beads in 1 mL PBS and aliquot them in 
clean prelabeled 1.5 mL Eppendorf tubes for as many samples 
as needed. Centrifuge again at 800 ×  g  for 1 min at 4 °C to 
eliminate extra PBS.   

   5.    Add thawed lysates into the beads-containing tubes and incu-
bate for 30 min at 4 °C with rotation.   

   6.    Meanwhile, add 2 μg of selected antibody to a clean Eppendorf 
prelabeled tube and keep on ice.   

   7.    As a negative control, perform an additional IP with rabbit- IgG 
or mouse-IgG, depending on the origin of the used antibody. 

    For such a control, pooled lysates from WT and PTP-KO 
mouse WPs can be used to limit the number of mice needed 
for the experiment. When using human platelets, one negative 
IP for each donor should be performed.   

   8.    Centrifuge the tubes containing WPs lysates and beads at 
800 ×  g  for 1 min at 4 °C and transfer precleared supernatants 
to the new tubes containing the antibody. Discard beads used 
for preclearing.   

   9.    Incubate for 1 h at 4 °C with rotation to allow binding of the 
antibody to the target protein.   

   10.    During this time, prepare protein A-Sepharose (or protein G) 
beads for all samples.   

   11.    40 μL beads slurry are needed per sample (40 μL × n (number 
of samples) = total volume of beads slurry to be prepared).   

3.5.2  Immuno-
precipitation
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   12.    Add 1 mL of ice-cold-PBS to the required volume of beads 
slurry and mix by pipetting up and down.   

   13.    Centrifuge for 1 min at 800 ×  g  and carefully discard superna-
tant. Repeat the washing procedure two more times.   

   14.    For the last wash, split the mixture of PBS/beads in as many 
clean 1.5 mL Eppendorf tubes as samples to be tested, plus 
one tube for the negative IP control.   

   15.    Centrifuge at 4 °C for 1 min at 800 ×  g  and carefully discard 
supernatants. Keep the beads on ice at all times.   

   16.    Centrifuge the lysate/antibody mixtures at 5000 ×  g  for 30 s 
and transfer them to the corresponding beads-containing 
tubes.   

   17.    Incubate overnight at 4 °C with rotation (cold room).   
   18.    Centrifuge samples at 4 °C for 1 min at 800 ×  g .   
   19.    Save the fl ow through (FT) at 4 °C and proceed with beads.   
   20.    Wash beads three times with 1 mL of ice-cold PBS or with 1× 

WPs lysis buffer.   
   21.    After the last wash, aspirate the supernatant carefully without 

disturbing the beads. Add 30 μL of 2× SDS loading buffer to 
the beads, vortex, and boil at 95 °C for 5 min.   

   22.    Vortex again and centrifuge at 15,000 ×  g  for 1 min.   
   23.    Load 10 μL of supernatants on acrylamide gel and proceed for 

 western blotting   as described in [ 19 ].        

       Intravital   video-microscopy is a widely used technology to directly 
visualize, in real time, the initiation and progression of thrombus 
formation in live small animals. Importantly, this technique allows 
the investigation of thrombotic and hemostatic processes under 
physiological conditions. Thrombus formation in mice can be 
induced by different methods such as mechanical destruction of 
the endothelium, systemic infusion of Rose Bengal (a photoreac-
tive chemical) followed by low-power laser excitation, activation of 
the  endothelial cells   by a high power nitrogen laser, or by chemical 
injury using topical application of FeCl 3  solution [ 5 ,  20 ]. Here, we 
provide a detailed protocol for the FeCl 3  injury model, which is a 
simple and well-established model known to be sensitive to both 
anticoagulants as well as antiplatelet drugs [ 5 ,  20 ]. 

 FeCl 3  is an oxidative agent that can penetrate through the ves-
sel, leading to the denudation of the endothelium and sub- 
endothelial matrix exposition. The severity of the damage induced 
depends on the FeCl 3  concentration used and the duration of the 
application [ 21 ]. FeCl 3  can be applied on small vessels like cremas-
ter and mesenteric arterioles or on larger vessels like carotid artery 
[ 21 ]. In order to visualize and quantitate thrombus formation, 
platelets are labeled using CFSE and injected through the jugular 
vein before thrombus initiation. Quantifi cation can be performed 

3.6  In Vivo Mouse 
Thrombosis Models

3.6.1  Ferric Chloride 
(FeCl 3 ) Carotid Injury Model
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by monitoring the time until full occlusion of the blood vessel or 
by comparing the fl uorescence intensity between different 
conditions. 

       1.    Prepare PRP from one mouse as described in Subheading  3.2 .   
   2.    Transfer PRP (200 μL of 200 × 10 3 /platelets per μL) to a 

15 mL conical tube and add 3 mL of Tyrode’s buffer and 
200 μL of ACD containing Apyrase.   

   3.    Add 15 μL of CFSE at 1 μg/μL and incubate 2 min at room 
temperature protected from light.   

   4.    Centrifuge at 950 ×  g  for 10 min at room temperature.   
   5.    Resuspend the pellets gently in 200 μL PBS and keep at room 

temperature protected from light ( see   Note    7  ).      

       1.    Cut 10 cm of an Intramedic™ Polyethylene catheter tube. 
Cut one end of the tube diagonally (preferably using a binocu-
lar loupe) in order to ease insertion of the tube into the blood 
vessel.   

   2.    Few millimeters away from the diagonal cut, make three to four 
very slight diagonal incisions to create a kind of “self- retaining 
harpoon catheter”. This will help maintaining the catheter 
inside the blood vessel.   

   3.    Fill an insulin syringe with sterile 0.9 % NaCl avoiding bubbles 
and insert it to the non-diagonally cut end of the catheter.   

   4.    Using a binocular loupe, make sure that the liquid (NaCl) does 
not leak through the diagonal incisions/winglets.   

   5.    Weigh the mice and inject i.p. the appropriate volume of the 
ketamine–xylazine mix. Overdosing may occur if animals are 
not properly weighed.   

   6.    Following deep anesthesia, place the mouse in dorsal recum-
bency on a heating plate set to 37 °C.   

   7.    Secure the front legs on the plate using rubber bands. Ensure 
that the mouse is positioned in a comfortable position to 
optimize breathing.   

   8.    Gently scrub the surgical area with 70 % ethanol solution.   
   9.    Perform a midline skin incision in the mouse neck using a 

surgical scissor as indicated in Fig.  4 , steps A and B.

 Staining of Washed 
Platelet with CFSE

 Preparation of Material 
and Mouse Surgery

Fig. 4 (continued) catheter tubing to the jugular vein with an additional suture on the cephalic end of the jugular 
vein. ( J ) Separate gently the sternomastoid and the sternohyoid to visualize the vagus nerve and the carotid 
artery. Place a black plastic triangle under the carotid artery vessel. ( K ) Place a FeCl 3 -soaked fi lter on the carotid 
artery for 5 min. ( a ) submaxillary gland. ( b ) platysma. ( c ) jugular vein. ( d ) sternohyoid muscle. ( e ) sternomas-
toid muscle. ( f ) fat on the jugular vein. ( g ) jugular catheter with harpoon-like structure. ( h ) vagus nerve. ( i ) carotid 
artery. ( j ) black plastic triangle. ( k ) FeCl 3 -soaked fi lter (site of injury)       
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  Fig. 4    Ferric chloride (FeCl 3 ) carotid injury model, surgical procedure. ( A ) Secure the front legs on the plate 
using rubber bands. ( B  and  C ) Perform a midline skin incision in the mouse neck and expose the submaxillary 
glands. ( D ) Separate the submaxillary glands and the muscle and place them near the mouse’s face. ( E ) Isolate 
carefully the jugular vein on both sides and underneath for a distance of 1–1.5 cm and place a loose tie on 
both cranial and caudal ends of the vessel using suture silk. ( F ) Tie the cranial ligature around the vessel and 
make a very small incision in line with the vessel between the two ligatures. ( G ) Insert the free diagonally cut 
end of the catheter into the vessel incision toward the heart and push carefully the catheter until the entire cut 
end is inside the vessel. ( H ) Tie up the ligature at the caudal end to secure the catheter into the vessel 
and verify leaking by injecting 0.9 % NaCl in the jugular vein and aspirate blood. ( I ) Secure the position of the 
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       10.    Expose the submaxillary glands (Fig.  4 , step C).   
   11.    Gently separate the submaxillary glands and the muscle using 

surgical forceps and place them near the mouse’s face 
(Fig.  4 , step D).   

   12.    The jugular veins and the sternohyoid muscle are now exposed.   
   13.    Isolate carefully the jugular vein on both sides and underneath 

(with the help of the forceps) for a distance of 1–1.5 cm. Do 
not touch directly the jugular vein with the end of the forceps 
since this could damage the vein. Both left and right veins can 
be used.   

   14.    Place a loose tie on both cranial and caudal ends of the vessel 
using suture silk (Fig.  4 , step E). This will maximize the expo-
sure of the vessel.   

   15.    Tie the cranial ligature around the vessel (Fig.  4 , step F).   
   16.    Make a very small incision using microsurgical scissors in line 

with the vessel between the two ligatures (Fig.  4 , step F). No 
blood should fl ow out of the vessel. If hemorrhage occurs, it 
may be controlled by gently pulling the cranial ligature end.   

   17.    Insert the free, diagonally cut end of the catheter tubing into 
the vessel incision toward the heart with the help of the forceps 
(Fig.  4 , step G). Push carefully the catheter until the entire end 
is inside the vessel.   

   18.    Use the ligature at the caudal end to secure the catheter into 
the vessel. Verify licking by injecting 0.9 % NaCl in the jugular 
vein and aspirate blood (Fig.  4 , step H) ( see   Note    8  ).   

   19.    Secure further the position of the catheter tubing to the jugu-
lar vein with additional suture on the cephalic end of the jugu-
lar vein (Fig.  4 , step I).   

   20.    Gently separate the sternomastoid and the sternohyoid mus-
cles using the forceps; the carotid artery is located underneath 
(Fig.  4 , step H). The vagus nerve, white and easily visible, 
resides also near the carotid artery.   

   21.    Carefully separate the vagus nerve from the carotid artery by 
opening and closing the forceps placed between the nerve and 
artery.   

   22.    Place the black plastic triangle under the vessel as shown in 
Fig.  4 , steps I and J. The black plastic triangle will elevate the 
vessel and prevent autofl uorescence from the adjacent tissue.   

   23.    Prepare an insulin syringe with 120 μL of the CFSE loaded 
platelets.   

   24.    Inject i.v. 100 μL of stained platelets through the jugular vein 
catheter.   

   25.    Incubate a 2 × 2 mm square of Whatman paper in 10 % FeCl 3  
buffer.   
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   26.    Dry completely the carotid artery using a Sugi ®  sponge. 
Dilution of the FeCl 3  in residual liquid can induce signifi cant 
variations between experiments.   

   27.    Basal level fl uorescence (488 nm band pass fi lter) in the vessels 
should be acquired before adding FeCl 3 .   

   28.    Take at least 50 snapshots using the Slidebook software (or 
equivalent) following the instructions of the manufacturer. 
Heart beating of the artery may infl uence the quality of images 
(mainly blurring).   

   29.    Put the FeCl 3 -soaked fi lter on the carotid artery and leave it for 
5 min (Fig.  4 , step K).   

   30.    Remove the FeCl 3 -soaked fi lter and clean the carotid artery 
using a pipette fi lled with 1× PBS.   

   31.    Dry completely the vessel using the Sugi ®  sponge in order to 
prevent diffraction during image acquisition.   

   32.    Start recording the thrombus formation with a 488 nm band 
pass fi lter. Take 50 snapshots every 2 min for 30 min or up to 
total occlusion of the blood vessel.   

   33.    Stop the recording and euthanize the mouse either by injecting 
50 μL of Nembutal or by cervical dislocation.   

   34.    Analyze of the acquired images. Slidebook software, for 
example, can determine and compare the mean fl uorescence 
intensities (MFI) between basal conditions and after FeCl 3 - 
induced injury.       

     Collagen   and epinephrine-induced pulmonary embolism is a very 
simple and reliable in vivo model to study the effectiveness of 
antithrombotic drugs or to investigate the role of a signaling mol-
ecule in thrombosis. The method was described for the first time 
by DiMinno and Silver in 1983 [ 22 ]. In this model,  thromboem-
bolism   in mice is induced by injecting a combination of a platelet-
aggregating agent such as  collagen   together with epinephrine. The 
time to death and the rate of survival is recorded, and the number 
and size of thrombi in lung sections can be analyzed. The protocol 
provided here is specific to C57BL/6 male mice. The dose of  col-
lagen   and epinephrine should be adjusted if other mouse genetic 
backgrounds or female mice are used.

    1.    Weigh and label 8–12 weeks old male mice (WT and target 
PTP-KO, ten mice in each group). Labeling can be performed 
on tails using permanent marker.   

   2.    Anesthetize the mice with an i.p. injection of ketamine–xylazine 
mix as described in Subheading  2.1 .   

   3.    Place the mice in lateral recumbency on the heating plate set 
at 37 °C.   

3.6.2  Collagen 
and Epinephrine- Induced 
Pulmonary Embolism 
Model
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   4.    While waiting for the mice to sleep, label Eppendorf tubes and 
prepare the mixture of epinephrine (170 μg/kg) and  collagen   
(60 μg/kg) for every mouse (one Eppendorf tube per mouse).   

   5.    Load 1 mL syringes/30 G needles with the appropriate volume 
of  collagen  /epinephrine mix for each mouse.   

   6.    When mice are deeply anesthetized, inject each mouse into the 
plexus retro-orbital vein with the appropriate volume of colla-
gen/epinephrine mix. Plexus retro-orbital vein injection can 
be achieved by inserting the needle into the medial canthus of 
the eye under the nictitating membrane (Fig.  2c ).   

   7.    Mice need to be kept on the heating plate during the entire 
procedure.   

   8.    Monitor mice for vital signs such as breathing and heart beating. 
Under the conditions described here, time to death in WT 
mice was recorded between 10 and 20 min. The animals are 
considered as dead when they stop breathing/heart beating.   

   9.    Animals that do not die after 40 min should be sacrifi ced by 
cervical dislocation.   

   10.    Perfuse the lungs with 4 % formaldehyde and collect them for 
histological analysis.   

   11.    Results obtained can be presented as the percentage of survival 
and time to death. It is also possible to analyze the number and 
size of thrombi in lung sections from different groups (WT 
and target PTP-KO) using a simple hematoxylin eosin staining 
method.    

       Platelets are anucleate  cells   that are not amenable to  RNA interfer-
ence   or recombinant DNA technologies. Thus, chemical probes to 
pharmacologically inhibit (or activate) the function of a specifi c 
PTP (or other signaling molecule) in human platelets are invaluable 
tools to corroborate fi ndings that originate from animal models in 
human cells. 

   All PTPs share a common catalytic mechanism based on a nucleo-
philic cysteine that is part of the active-site  signature motif   C(X)5R 
[ 23 ]. Sodium orthovanadate, which binds to the active site and 
functions as transition state analog, is a standard reagent to 
inhibit PTP activity in cells including platelets [ 24 ]. More potent 
general PTP inhibitors with proven activity in cells include 
peroxovanadium compounds such as potassium bisperoxo(1,10- 
phenanthroline) oxovanadate [bpV(phen)] [ 25 ]. The number of 
reported specifi c PTP inhibitors with selectivity for a particular tar-
get and effi cacy in cells is very limited. This is due to the fact that 
the vast majority of small-molecule PTP inhibitors target the highly 
conserved active site, and thus lack suffi cient selectivity for the PTP 
of interest. Nonetheless, several promising compounds have been 

3.7  Pharmacological 
Inhibition of Platelet 
PTPs

3.7.1  General 
Considerations
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reported for PTPs known to be important for platelet signaling 
including  PTP1B   and SHP2 [ 8 ]. However, there is a paucity of 
data demonstrating effi cacy of these compounds in platelets. 
Moreover, we found that our previously identifi ed  DUSP3   inhibi-
tors, which showed excellent specifi city and effi cacy in HeLa cells 
[ 26 ], caused spontaneous  aggregation   of human platelets [ 10 ]. 
Thus, there appears to be an even more rigorous requirement for 
compound specifi city when working with platelets. Several new 
strategies to generate PTP inhibitors with increased specifi city are 
currently being investigated. For further reading on this topic we 
refer to our recently published review articles [ 8 ,  23 ].  

   Using  a    chemical   genomics approach, we developed a novel inhibitor 
of  DUSP3   (MLS-0437605; Fig.  5 ) [ 10 ]. MLS-0437605 specifi -
cally inhibited human  platelet aggregation   in response to stimula-
tion of the  GPVI   and  CLEC-2   receptors, analogous to the effect 
of  DUSP3   defi ciency in murine cells. Tests on platelets from WT 
mice yielded similar results, while MLS-0437605 only minimally 
affected  aggregation   of  DUSP3  -defi cient platelets [ 10 ].  Inhibition   
of  DUSP3   by MLS-0437605 in human platelets reduced tyrosine 
 phosphorylation   of immunoprecipitated Syk and PLCγ2 in 
response to  GPVI   and  CLEC-2   stimulation, while global tyrosine 
 phosphorylation   was not affected. These results demonstrated that 
pharmacological  inhibition   of  DUSP3   in human platelets pheno-
copies the effect of  DUSP3   defi ciency in murine platelets. Here, 
we provide detailed protocols for testing the effects of  small- 
molecule inhibitors   on human platelet activation and  aggregation  . 
Methods related to the development of specifi c PTP inhibitors 

3.7.2  Inhibition of DUSP3 
in Human Platelets
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  Fig. 5    Development of a  DUSP3  -specifi c inhibitor. High-throughput  screening   (HTS) of a drug-like compound 
collection was used in the search for novel  DUSP3   inhibitors. Primary hits, i.e., compounds that inhibited 
 DUSP3   activity by at least 50 %, were taken into dose response hit confi rmation assays using two orthogonal 
assay formats. Cross-active hits with IC 50  values <20 μM in both assays were subjected to counter screens 
against four additional PTPs. Based on potency and selectivity, several hits were selected for structure–activity 
relationship (SAR), binding, and mechanism-of-action (MOA) studies, resulting in several candidate com-
pounds for tests on human platelets. These tests included  platelet aggregation   assays as well as biochemical 
assays assessing the tyrosine-phosphorylation levels of various signaling proteins involved in  DUSP3  -regulated 
pathways. Compound MLS-0437605 effectively inhibited mouse and human  platelet aggregation  , specifi cally 
in response to  GPVI   and  CLEC-2   platelet stimulation, thereby phenocopying the effect of  DUSP3   defi ciency on 
mouse platelets. In contrast,  aggregation   of  DUSP3  -defi cient platelets was only marginally affected by MLS- 
0437605. MLS-0437605 also decreased tyrosine  phosphorylation   of Syk and PLCγ2 in human platelets in 
response to  GPVI   and  CLEC-2   stimulation, similar to the effect of  DUSP3   defi ciency on mouse platelets. 
( see  ref.  10  to review the actual data.)       
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have been previously described [ 27 ,  28 ]. The major steps for the 
identifi cation of the  DUSP3   inhibitor MLS-0437605 are summa-
rized in Fig.  5 .

      For blood collection, make sure to not include donors that have 
taken aspirin or any other antiplatelet medication during the 15 days 
prior to blood donation.

    1.    Collect blood from a forearm vein using an 18 G needle ( see  
 Note    9  ). Blood collected should be free-fl owing.   

   2.    Discard the fi rst 5 mL of blood. (The fi rst 5 mL of blood 
should be discarded because it contains activated platelets that 
have been in contact with  collagen   released from the wound.)   

   3.    Use a conical tube containing ACD and 1 U/mL of apyrase 
grade I (1 volume ACD + 1 U/mL of apyrase for 6 volumes of 
blood) to collect ~30 mL of blood.   

   4.    Immediately after collection, close the tube and mix the blood 
gently with the anticoagulant.   

   5.    Platelet assays should be performed within 3 h after blood 
collection.      

        1.    Centrifuge blood for 15 min at 100 ×  g  at room temperature to 
obtain PRP.   

   2.    Carefully transfer PRP into a new 15 mL conical tube.   
   3.    Wash platelets by adding 2 volumes of ACD containing 1 U/

mL of apyrase grade I at RT and centrifuge at 800 ×  g  10 min 
and room temperature.   

   4.    Proceed as described in Subheading  3.2 ,  steps 5 – 8 . Select 
human protocol for counting platelets when using the hema-
tology analyzer.   

   5.    Resuspend washed platelet pellets in Tyrode’s buffer contain-
ing 1 U/mL apyrase to a concentration of 250 × 10 3  platelets/
μL for  aggregation   and  secretion   experiments, and to 500 × 10 3  
platelets/μL for immunoblot and IP experiments.      

        1.    Prepare 20 mM  inhibitor    stock   solutions in DMSO, which will 
allow testing of inhibitors in platelets at up to 40 μM fi nal 
concentration at the nontoxic concentration of 0.2 % DMSO 
( see   Note    10  ). Store stock solutions as small aliquots as needed 
at −20 or −80 °C and avoid repeated thawing and freezing. 
For inhibitor treatment, platelets are resuspended in Tyrode’s 
buffer with glucose and BSA.   

   2.    Prepare 500× concentrated inhibitor working solutions in 
DMSO for each inhibitor concentration to be tested. This will 
ensure equal amounts of DMSO in inhibitor dose–response 
assays. (A 500× working solution results in 0.2 % DMSO fi nal 

3.7.3  Human Blood 
Collection

3.7.4  Isolation of Human 
Platelets

3.7.5  Effects of Small- 
Molecule Inhibitors 
on Human Platelet 
Aggregation
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concentration.) For dose–response studies prepare 1/3-log 
steps serial dilutions (highest fi nal concentration 5- or 10-times 
inhibitor IC 50  value, but not exceeding 40 μM). We recom-
mend four to fi ve inhibitor dilutions (e.g., 30–10–3–1–
0.3–0 μM fi nal inhibitor concentration), so that the lowest 
fi nal concentration is well below the inhibitor IC 50  value.   

   3.    Prepare human WPs as described in Subheading  3.7.4 .   
   4.    Aliquot 270 μL (250 × 10 3  human platelets/μL) of WPs in 

450 μL cuvettes containing one siliconized stir bar.   
   5.    Let the platelets rest for 25 min at room temperature.   
   6.    Make sure the inhibitor does not spontaneously cause platelet 

 aggregation   ( see   Note    11  ).   
   7.    Add DMSO or inhibitor working solution to WPs and incu-

bate at room temperature for 30 min (to allow inhibitor 
uptake). Since the ChronoLog aggregometer can analyze only 
two cuvettes in parallel, prepare only two cuvettes at a time and 
allow an interval of at least 10 min between additional inhibi-
tor/DMSO incubations. Some aggregometers allow the analy-
sis of four cuvettes at a time. Adjust the number of cuvettes 
depending on the available equipment.   

   8.    Proceed with the  aggregation   assay as described in 
Subheading  3.3 . Determine the percentage of  aggregation 
  inhibition by comparing to the vehicle (DMSO) control. 
Human platelet responses to receptor agonists are highly vari-
able between individuals. We recommend determining the 
optimal concentration of a platelet receptor agonist (e.g., 
CRP) for every donor before proceeding with the inhibitor 
dose–response  aggregation   assay.   

   9.    Repeat the  aggregation   assays with more fi ne-tuned, narrower 
range of inhibitor concentrations. The goal is to fi nd the 
lowest concentration of inhibitor that yields maximal inhibi-
tion of  platelet aggregation  . MLS-0437605 inhibited CRP- 
and rhodocytin- induced  platelet aggregation   at a concentration 
of 1× IC 50 .      

   Platelet  secretion    analysis   using  fl ow cytometry   is a quantitative 
and highly sensitive method for the evaluation of platelet function. 
This method allows for further characterization of the effects of 
selected inhibitors. Since  secretion   can be performed on small ali-
quots of WPs, several conditions can be tested simultaneously for 
the same donor. Thus, dose response data for both the inhibitor 
and the agonist can be obtained. Typically, for WPs from a particu-
lar donor, the highest concentration of platelet receptor agonist 
used in the  secretion   experiment corresponds to the lowest con-
centration of the same agonist used in the  platelet aggregation   
assay (Subheading  3.7.5 ). We here describe a method analyzing 

3.7.6  Effects of Small- 
Molecule Inhibitors 
on Human Platelet 
Secretion
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JON/A and p- Selectin   exposure on CRP-activated human washed 
platelets using three CRP and two inhibitor concentrations plus 
vehicle control. The same method can be used with other platelet 
receptor agonists.

    1.    Prepare 12 aliquots of 100 μL (250 × 10 3 /μL) each of washed 
human platelet. Label the tubes as shown in the table: 

 NS—DMSO  0.1 μg/mL 
CRP DMSO 

 0.3 μg/mL CRP 
DMSO 

 0.5 μg/mL CRP 
DMSO 

 NS—inhibitor 
conc. 1 

 0.1 μg/mL 
CRP inhibitor 
conc. 1 

 0.3 μg/mL CRP 
inhibitor 
conc. 1 

 0.5 μg/mL 
CRP inhibitor 
conc. 1 

 NS—inhibitor 
conc. 2 

 0.1 μg/mL 
CRP inhibitor 
conc. 2 

 0.3 μg/mL CRP 
inhibitor 
conc. 2 

 0.5 μg/mL 
CRP inhibitor 
conc. 2 

       2.    Add the appropriate amounts of DMSO or inhibitor working 
solution to the tubes. Mix gently by pipetting twice up and 
down using 1 mL pipette tips and incubate at room tempera-
ture for 30 min.   

   3.    Add CRP at the indicated concentrations and mix gently. Add 
the equivalent volume of 0.9 % NaCl or Tyrode’s buffer to the 
NS samples. Incubate for 15 min at room temperature.   

   4.    Add 10 μL of FITC-conjugated anti-human CD62P and 
10 μL of PE-PAC1 antibodies. Mix gently and incubate for 
15 min in the dark at room temperature.   

   5.    Fix cells using 1 mL of 1 % PFA. Proceed with  fl ow cytometry 
  analysis within 48 h ( see   Note    12  ).    

     The  aggregation   assay  is   a relatively simple method that can be 
used as screening assay to prioritize compounds. However,  aggre-
gation   assays only measure the fi nal effect of a compound on plate-
let activation. More direct effects of PTP inhibitors can be evaluated 
by determining the overall and specifi c change in tyrosine  phos-
phorylation   using immunoblot analyses with anti- phosphotyrosine 
  (4G10) or phospho-specifi c antibodies on total lysates or IPs from 
activated vs. non-activated platelets. A specifi c PTP inhibitor is not 
expected to increase global tyrosine  phosphorylation  , but should 
phenocopy the effect of the PTP defi ciency in mouse platelets. If 
the inhibitor induces a dramatic change in global tyrosine  phos-
phorylation  , the compound is likely acting unspecifi cally. An exam-
ple of a  phosphotyrosine   immunoblot using the specifi c  DUSP3 
  inhibitor MLS-0437605 on human platelets is shown in Fig.  3b . 
Further, if the direct substrate(s) of the target PTP is known, and 
phospho-specifi c antibodies for this/these substrate(s) are available, 
immunoblot assays probing directly the  phosphorylation   site of the 
substrate(s) can be performed on total lysates. If phospho- specifi c 
antibodies are not available, IP of the substrate protein using a 

3.7.7  Effects of Small- 
Molecule Inhibitors 
on Human Platelets Using 
Immunoblot Assays

Souad Rahmouni et al.
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pan-antibody, followed by an anti- phosphotyrosine   (4G10) west-
ern blot  can   be performed. For dose–response experiments with 
inhibitors, platelets are prepared and treated similarly as described 
above for  aggregation   assays. However, platelet activation should 
be performed at a lower stirring speed of 400 rpm. This is because 
stirring speeds higher than 400 rpm lead to the formation of tight 
platelet aggregates and highly variable lysis effi ciency. We recom-
mend repeating the dose–response  aggregation   assay (as described 
in the previous section) for the selected inhibitor and vehicle con-
trol (DMSO) at 400 rpm and determine optimal concentrations of 
CRP (or other agonist) and inhibitor. Once optimal conditions are 
found, a time course stimulation of inhibitor- and DMSO-treated 
platelets should be performed at 400 rpm stirring condition. For 
lysis and immunoblotting, follow the steps described in 
Subheading  3.6 . Because platelet activation is highly variable 
between donors, experiments should be performed on platelets 
from at least three donors.    

4                Notes 

     1.    Nembutal stock solution: 6 mg/mL in 9 % NaCl. Prepare 
1 mL. If the experiment lasts more than 30 min, inject mice 
with Nembutal (10 μg/g) to maintain anesthesia. Repeat the 
injection every 30 min if required.   

   2.    Many factors such as genotype, age, and stress levels can result 
in variation in anesthetic depth and time to recover. Therefore, 
the anesthesia protocol should be adjusted accordingly. We 
provide the conditions that worked well for  DUSP3   −/−  and WT 
littermates in C57BL/6 mice background.   

   3.    Preparation of paraformaldehyde (PFA): Weigh 4 g of PFA in 
beaker. Add 80 mL of 1× PBS. Cover with Parafi lm. Place the 
beaker on magnetic stirrer/heater (52 °C). Mix with moderate 
stirring until the solution becomes clear. Heating and a slight 
alkaline pH are necessary to dissolve PFA. Since the pH of PBS 
is around 7.4, PAF dissolves easily in the PBS. Adjust the fi nal 
volume to 100 mL with PBS. Store the solution in small ali-
quots, depending on the usage, at −20 °C. PFA solution can 
also be stored at room temperature up to 1 week; longer storage 
at room temperature will lead to formation of formic acid.   

   4.    Take a small aliquot of collected blood and make sure (using 
the hematology analyzer (Cell-Dyn 3700 in our case)) that 
platelet counts are higher than 8 × 10 5  platelets/μL. Lower 
platelet concentrations indicate that the blood contains small 
platelet aggregates, and those samples should be discarded.   

   5.    Collect 0.8–1 mL of blood from one mouse. Less blood volume 
usually means that the quality of the collected blood is not 
good enough to proceed, and the sample should be discarded. 

Function of PTPs in Platelets
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About ten  aggregation   cuvettes can be prepared out of a pool 
of PRP from three mice.  Secretion   assays using  fl ow cytometry 
  can be performed on non-pooled PRP because smaller platelet 
numbers are required.   

   6.    Care should be taken when the primary antibody against the 
target protein to be detected in western  blot   is raised in mouse 
and the target protein is at the same size of immunoglobulins 
(IgGs) heavy or light chains. Indeed, murine IgGs bind to 
platelet surface and contaminate PRP lysates. They are visible 
on immunoblots when secondary HRP-conjugated anti- mouse 
antibodies are used. One way to get partially rid of these con-
taminants is to preclean WP lysates with protein G or protein 
A sepharose beads. This is particularly useful in IPs.   

   7.    CFSE loaded platelets should be used within 2 h after staining, 
as the staining intensity decreases rapidly.   

   8.    Vessels surrounding tissues should not swell when injecting 
NaCl. If this happens, the catheter is likely not well inserted.   

   9.    To minimize platelet activation, use <21 G needles to avoid 
shear stress. Further, discard the fi rst few milliliters of blood, 
which can be in contact with  collagen  . Finally, gently mix the 
collected blood with the anticoagulant immediately, minimize 
the time from sample collection to analysis, and avoid sudden 
manipulation.   

   10.    DMSO concentrations higher than 0.2 % signifi cantly inhibit 
both human and mouse  platelet aggregation  .   

   11.    The inhibitor should be highly pure, and we strongly recom-
mend repurifi cation of commercial  screening   compounds 
using preparative HPLC. Platelets are a highly reactive cell 
type and may get activated by nonspecifi c binding of contami-
nants. Therefore, a  platelet aggregation   assay in response to 
the compound alone (with no platelet receptor agonist added) 
should be performed to test for unspecifi c, spontaneous  platelet 
aggregation  .   

   12.    When dealing with a large number of blood donors, an alterna-
tive method can be used. Platelets can be fi xed in 1 % PFA after 
activation and stored for up to 5 days at 4 °C. However, anti-
PAC1 antibodies do not work on fi xed platelets.  Anti- fi brinogen 
antibodies can be used in this case. For analysis, centrifuge the 
fi xed cells at 800 ×  g  for 5 min at 4 °C. Discard the supernatant 
and add 1 mL of PBS to the washed platelets. Centrifuge again 
at 800 ×  g  for 5 min at 4 °C. Discard supernatant and add 
150 μL of PBS. Add 10 μL of anti-CD62P antibody 2 μL of 
anti-Fibrinogen antibody (Dako #F0111; diluted 5× in PBS). 
Incubate for 15 min at RT in the dark. Add 1 mL of 1 % PFA 
and proceed with  fl ow cytometry   analysis.         

Souad Rahmouni et al.



329

  Acknowledgement 

 This work was supported by the Belgian National Fund for 
Scientifi c Research (F.R.S.-FNRS: PDR N° T.0105.13), the 
University of Liège (Fonds Spéciaux pour la Recherche) to (CO and 
SR), the National Institutes of Health (Grants 1R21CA132121 and 
1R03MH084230 to LT), and the American Heart Association 
(Innovative Research Grant 14IRG18980075 to LT).  

   References 

    1.    Italiano JE, Patel-Hett S, Hartwig JH (2007) 
Mechanics of proplatelet elaboration. 
J Thromb Haemost 5:18–23  

    2.    Junt T, Schulze H, Chen Z, Massberg S, 
Goerge T, Krueger A, Wagner DD, Graf T, 
Italiano JE, Shivdasani RA, von Andrian UH 
(2007) Dynamic visualization of thrombopoi-
esis within bone marrow. Science 
317:1767–1770  

    3.    Varga-Szabo D, Pleines I, Nieswandt B (2008) 
Cell adhesion mechanisms in platelets. 
Arterioscler Thromb Vasc Biol 28:403–413  

    4.    Offermanns S (2006) Activation of platelet 
function through G protein-coupled receptors. 
Circ Res 99:1293–1304  

      5.    Furie B, Furie BC (2007) In vivo thrombus 
formation. J Thromb Haemost 5:12–17  

    6.    Watson SP, Auger JM, McCarty OJT, Pearce 
AC (2005) GPVI and integrin alphaIIb beta3 
signaling in platelets. J Thromb Haemost 
3:1752–1762  

    7.    Karisch R, Fernandez M, Taylor P, Virtanen C, 
St-Germain JR, Jin LL, Harris IS, Mori J, Mak 
TW, Senis YA, Östman A, Moran MF, Neel BG 
(2011) Global proteomic assessment of the 
classical protein-tyrosine phosphatome and 
“redoxome”. Cell 146:826–840  

       8.    Tautz L, Senis YA, Oury C, Rahmouni S 
(2015) Perspective: Tyrosine phosphatases as 
novel targets for antiplatelet therapy. Bioorg 
Med Chem 15:2786–2797  

    9.    Ming Z, Hu Y, Xiang J, Polewski P, Newman 
PJ, Newman DK (2011) Lyn and PECAM-1 
function as interdependent inhibitors of plate-
let aggregation. Blood 117:3903–3906  

        10.    Musumeci L, Kuijpers MJ, Gilio K, Hego A, 
Théâtre E, Maurissen L, Vandereyken M, 
Diogo CV, Lecut C, Guilmain W, Bobkova EV, 
Eble JA, Dahl R, Drion P, Rascon J, Mostofi  Y, 
Yuan H, Sergienko E, Chung TD, Thiry M, 
Senis Y, Moutschen M, Mustelin T, Lancellott 
RS (2015) Dual-specifi city phosphatase 3 defi -
ciency or inhibition limits platelet activation 

and arterial thrombosis. Circulation 131:
656–668  

    11.    Gao C, Boylan B, Fang J, Wilcox DA, Newman 
DK, Newman PJ (2011) Heparin promotes 
platelet responsiveness by potentiating αIIbβ3- 
mediated outside-in signaling. Blood 
117:4946–4952  

    12.    Cattaneo M, Cerletti C, Harrison P, Hayward 
CPM, Kenny D, Nugent D, Nurden P, Rao 
AK, Schmaier AH, Watson SP, Lussana F, 
Pugliano MT, Michelson AD (2013) 
Recommendations for the standardization of 
light transmission aggregometry: a consensus 
of the working party from the platelet physiol-
ogy subcommittee of SSC/ISTH. J Thromb 
Haemost 11:1183–1189  

    13.    Born GV, Cross MJ (1963) The aggregation of 
blood platelets. J Physiol 168:178–195  

    14.    Born G (1962) Aggregation of blood platelets 
by adenosine diphosphate and its reversal. 
Nature 194:927–929  

    15.    Zhou L, Schmaier AH (2005) Platelet aggre-
gation testing in platelet-rich plasma: descrip-
tion of procedures with the aim to develop 
standards in the fi eld. Am J Clin Pathol 
123:172–183  

    16.    McEver RP, Bennett EM, Martin MN (1983) 
Identifi cation of two structurally and function-
ally distinct sites on human platelet membrane 
glycoprotein IIb-IIIa using monoclonal anti-
bodies. J Biol Chem 258:5269–5275  

    17.    Nieuwenhuis HK, van Oosterhout JJ, 
Rozemuller E, van Iwaarden F, Sixma JJ 
(1987) Studies with a monoclonal antibody 
against activated platelets: evidence that a 
secreted 53,000-molecular weight lysosome- 
like granule protein is exposed on the surface 
of activated platelets in the circulation. Blood 
70:838–845  

    18.    Shattil SJ, Hoxie JA, Cunningham M, Brass LF 
(1985) Changes in the platelet membrane 
glycoprotein IIb.IIIa complex during platelet 
activation. J Biol Chem 260:11107–11114  

Function of PTPs in Platelets



330

     19.    Rahmouni S, Delacroix L, Liu WH, Tautz L 
(2013) Evaluating effects of tyrosine phospha-
tase inhibitors on T cell receptor signaling. 
Methods Mol Biol 1053:241–270  

     20.    Furie B, Furie BC (2005) Thrombus formation 
in vivo. J Clin Invest 115:3355–3362  

     21.    Kurz KD, Main BW, Sandusky GE (1990) Rat 
model of arterial thrombosis induced by ferric 
chloride. Thromb Res 60:269–280  

    22.    DiMinno G, Silver MJ (1983) Mouse anti-
thrombotic assay: a simple method for the eval-
uation of antithrombotic agents in vivo. 
Potentiation of antithrombotic activity by ethyl 
alcohol. J Pharmacol Exp Ther 225:57–60  

     23.    Tautz L, Critton DA, Grotegut S (2013) 
Protein tyrosine phosphatases: structure, func-
tion, and implication in human disease. 
Methods Mol Biol 1053:179–221  

    24.    Chiang TM (1992) Okadaic acid and vanadate 
inhibit collagen-induced platelet aggregation; 
the functional relation of phosphatases on plate-
let aggregation. Thromb Res 67:345–354  

    25.    Posner BI, Faure R, Burgess JW, Bevan AP, 
Lachance D, Zhang-Sun G, Fantus IG, Ng JB, 
Hall DA, Lum BS, Shaver A (1994) 
Peroxovanadium compounds. A new class of 
potent phosphotyrosine phosphatase inhibitors 
which are insulin mimetics. J Biol Chem 
269:4596–4604  

    26.    Wu S, Vossius S, Rahmouni S, Miletic AV, Vang 
T, Vazquez-Rodriguez J, Cerignoli F, Arimura 
Y, Williams S, Hayes T, Moutschen M, Vasile S, 
Pellecchia M, Mustelin T, Tautz L (2009) 
Multidentate small-molecule inhibitors of 
Vaccinia H1-related (VHR) phosphatase 
decrease proliferation of cervix cancer cells. 
J Med Chem 52:6716–6723  

    27.    Tautz L, Sergienko EA (2013) High- 
throughput screening for protein tyrosine 
phosphatase activity modulators. Methods Mol 
Biol 1053:223–240  

    28.    Tautz L, Mustelin T (2007) Strategies for 
developing protein tyrosine phosphatase inhib-
itors. Methods 42:250–260    

Souad Rahmouni et al.



331

Rafael Pulido (ed.), Protein Tyrosine Phosphatases: Methods and Protocols, Methods in Molecular Biology, vol. 1447,
DOI 10.1007/978-1-4939-3746-2_18, © Springer Science+Business Media New York 2016

    Chapter 18   

 Functional Analysis of Dual-Specifi city Protein 
Phosphatases in Angiogenesis                     

     Mathieu     Amand    ,     Charlotte     Erpicum    ,     Christine     Gilles    , 
    Agnès     Noël    , and     Souad     Rahmouni      

  Abstract 

   Therapeutic perspectives targeting angiogenesis in cancer stimulated an intense investigation of the mecha-
nisms triggering and governing angiogenic processes. Several publications have highlighted the impor-
tance of typical dual-specifi city phosphatases (DSPs) or MKPs in endothelial cells and their role in 
controlling different biological functions implicated in angiogenesis such as migration, proliferation, apop-
tosis, tubulogenesis, and cell adhesion. However, among atypical DSPs, the only one investigated in angio-
genesis was DUSP3. We recently identifi ed this DSP as a new key player in endothelial cells and angiogenesis. 
In this chapter we provide with detailed protocols and models used to investigate the role of DUSP3 in 
endothelial cells and angiogenesis. We start the chapter with an overview of the role of several DSPs in 
angiogenesis. We continue with providing a full description of a highly effi cient transfection protocol to 
deplete DUSP3 using small interfering RNA (siRNA) in the primary human umbilical vein endothelial 
cells (HUVEC). We next describe the major assays used to investigate different processes involved in 
angiogenesis such as tube formation assay, proliferation assay and spheroids sprouting assay. We fi nish the 
chapter by validating our results in DUSP3-knockout mice using in vivo angiogenesis assays such as 
Matrigel plug and Lewis lung carcinoma cell subcutaneous xenograft model followed by anti-CD31 
immunofl uorescence and ex vivo aortic ring assay. All methods described can be adapted to other phospha-
tases and signaling molecules.  

  Key words     DSPs  ,   DUSP3  ,   Angiogenesis  ,   Endothelial cells  ,   HUVEC  ,   LLC  ,   Sprouting  ,   Spheroid 
assay  ,   Aortic ring assay  ,   Proliferation  ,   Immunofl uorescence  ,   Matrigel plug assay  

1      Introduction 

    Angiogenesis    is   critical for both normal development and homeo-
stasis and for tumor growth. Understanding the mechanisms of 
angiogenesis will open new avenues for better targeting and treat-
ment of several pathologies. Genomic approaches demonstrated 
that several dual-specifi city phosphatases (DSPs) genes are dif-
ferentially expressed in a variety of diseases including cancers and 
could contribute to cancer initiation and/or progression [ 1 ,  2 ]. 
However, the role of this subset of phosphatases is not well 
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known in angiogenesis. So far, only three typical DSPs, also called 
 MAPK phosphatases or   MKPs, and one atypical DSP (A-DSP) 
were investigated in angiogenesis, namely DUSP1 (MKP-1), 
 DUSP6   (MKP- 3), DUSP2 (PAC1), and DUSP3 ( VHR  ).    Based 
on results obtained from knockout mice, DUSP1 seems to play a 
proangiogenic role in vivo. Indeed, vascular endothelial growth 
factor (VEGF)- and  thrombin-induced   sprout formation in an 
ex vivo  aortic ring assay (ARA)   is reduced in the  Mkp1   −/−   mice 
compared to the wild-type controls [ 3 ]. The  Mkp1   −/−   mice also 
displayed blunted angiogenesis in a model of distal hindlimb isch-
emia, which further confi rmed this in vivo proangiogenic role 
[ 4 ]. In both models, the reduced angiogenesis was associated 
with decreased migratory properties of  endothelial cells   (EC) in 
response to VEGF upon DUSP1 deletion. In line with this, 
in vitro DUSP1 depletion impaired the angiogenic potential of 
H460 NSCLC cells [ 5 ]. In addition, DUSP1  inhibition,   com-
bined to gemcitabine treatment of pancreatic ductal adenocarci-
noma in mice attenuates angiogenesis and enhances apoptotic 
cell death, as compared to gemcitabine alone [ 6 ].  DUSP6   was 
also reported to contribute to angiogenesis control/regulation. 
Indeed, in melanoma cells,  DUSP6   protein degradation was asso-
ciated with  increased   ERK activity and upregulation of VEGF-A 
which drives angiogenesis [ 7 ]. These results suggest that  DUSP6 
  acts as an antiangiogenic factor through the  dephosphorylation   
of  ERK  . Another potential reported antiangiogenic DSP is 
DUSP2. The  overexpression   of this MKP causes tumor regres-
sion and downregulates angiogenic genes. In line with this, its 
expression is reduced in many human cancers [ 8 ]. 

 Among all A-DSPs,  DUSP3   is the only one for which a role in 
angiogenesis has been investigated. Based on results obtained from 
  Dusp3     −/−   mice and from in vitro  DUSP3   depletion using small 
interfering RNA (siRNA) in  HUVEC   cells,  DUSP3   seems to play 
a proangiogenic role [ 9 ]. Indeed, in vivo  DUSP3   defi ciency pre-
vented the neovascularization of transplanted basic-fi broblast 
growth factor (b-FGF)-containing  Matrigel   and  LLC   xenograft 
tumors. Furthermore, we found that  DUSP3   is required for 
b-FGF-induced microvessel outgrowth in the  aortic ring assay  . The 
in vitro downregulation of  DUSP3   using siRNA in  HUVECs 
  reduced signifi cantly the tube formation on  Matrigel   and the 
angiogenic  sprouting   in a  spheroid assay  . Surprisingly, this defect 
was not associated with an altered  phosphorylation   of the docu-
mented in vitro  DUSP3   substrates, ERK1/2, JNK1/2, and EGFR, 
but instead with an increased PKC  phosphorylation   [ 9 ]. 

 The following sections describe in detail the in vivo, ex vivo, 
and in vitro methods we used to investigate the role of  DUSP3   in 
 endothelial cells   and angiogenesis [ 9 ].  

Mathieu Amand et al.
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2    Materials 

 All material for cells and tissue culture should be sterile. 

       1.    Heat-inactivated fetal bovine serum (FBS).   
   2.    Penicillin–streptomycin,  L -glutamine, and sterile phosphate- 

buffered saline (PBS).   
   3.    Trypsin (170,000 U/mL)–Versene (EDTA, 200 mg/mL) 

mixture 1×.   
   4.    Dimethyl sulfoxide (DMSO).   
   5.    Trypan blue 0.4 %.   
   6.     Matrigel   basement membrane matrix.   
   7.    Basic-Fibroblast growth factor (b-FGF).   
   8.    Drabkin’s reagent.   
   9.    Marienfeld counting chamber.      

       1.     EBM  basal   medium (Lonza), EGM singlequot kit supplements 
and growth factors (product CC4133, Lonza) ( see   Note    1  ).   

   2.    Early cell passages (two to six) pooled human umbilical vein 
 endothelial cells   ( HUVECs  ).   

   3.    Dulbecco’s modifi ed Eagle’s medium (DMEM).   
   4.    Lewis Lung Carcinoma ( LLC   or 3LL) cells.   
   5.    6-well fl at-bottom sterile tissue culture plates.   
   6.    Gene Trans II  transfection   reagent.   
   7.    Two different double stranded siRNAs for the specifi c gene 

target and a control non-targeting siRNA.       

       1.     96- wells   fl at-bottom plates.   
   2.    Tritiated thymidine ( 3 H-TdR); specifi c activity: 20 Ci 

(740 GBq)/mmol; concentration: 1 mCi/mL. Prepare  3 H- TdR 
working solution by adding 100 μL  3 H-TdR stock solution to 
5.9 mL of sterile EGM (EBM + singlequots), EBM + 2 % FBS, or 
EBM + bFGF 100 ng/mL.   

   3.    Omnifi lter-96 Cell Harvester.   
   4.    Scintillation analyzer.   
   5.    MultiScreen harvest 3H, FC plates (96-well plates).   
   6.    Scintillation liquid buffer.   
   7.    White adhesive bottom seal for 96-well backing tape.   
   8.    Adhesive seal for 96-well plate.       

2.1  Basic Required 
Material

2.2  Cell Culture 
and Transfection

2.3  Proliferation

DSPs in Angiogenesis
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       1.    24-wells fl at-bottom plates.   
   2.    Lab-Tek II chamber slides (2-well glass slide).   
   3.     Matrigel   basement membrane matrix.   
   4.    Inverted bright-fi eld phase-contrast microscope with long- 

working distance, dry objectives, and camera for images acqui-
sition. We used Leica DM IRE2 inverted microscope equipped 
with digital QImaging Retiga 2000R high sensitivity grayscale 
CCD camera. Image capture was driven by ImagePro 6.3 
software.   

   5.    Image J software (National Institutes of Health:   http://rsb.
info.nih.gov/ij/index.html    ).   

   6.    Confocal microscope equipped with  x ,  y , and  z  axes, a chamber 
maintained at 37 °C and 5 % CO 2  and 4D analysis software. We 
used Nikon A1R microscope and Nis Elements software.      

       1.    Methyl-cellulose.      
   2.    96-well round bottom non-adherent plates.   
   3.    Rat Tail  Collagen   I, High Concentration.   
   4.    EBM basal medium and EGM singlequot kit supplements.   
   5.    Phase-contrast microscope (we used Leica DM IRE2).      

       1.       Heparin   1 mg/mL.   
   2.    1 mL  sterile   syringes with 25G sterile needles.   
   3.    Scalpel or scissors.   
   4.    Dispase 5000 U/mL.   
   5.    NaCl 0.9 % in dH 2 O.   
   6.    30 % (w/v) Brij 35 solution.   
   7.    Hemoglobin from bovine blood.   
   8.    FITC-Dextran (20 mg/mL).   
   9.    Tissue-tek O.C.T compound.   
   10.    Multiscan MS microplate reader capable of measuring absor-

bance at 540 nm.   
   11.    Tissue homogenizer.   
   12.    Dry ice.        

       1.      Superfrost   plus microscope slides and coverslips #1.   
   2.    Frozen  Matrigel   plugs sections of 7 μm.   
   3.    Ice-cold acetone.   
   4.    80 % methanol (4 °C) diluted in water.   
   5.    10 and 2 % normal goat serum diluted in PBS.   
   6.    Anti-CD31 antibody.   

2.4  Tube Formation 
Assay and Time Lapse

2.5  Spheroid 
Sprouting Assay

2.6  In Vivo Matrigel 
Plug Assay and LLC 
Subcutaneous Tumors 
Model

2.7  Immuno-
fl uorescence
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   7.    Anti-rat Alexa 594 secondary antibody.   
   8.    Vectashield mounting medium with DAPI.   
   9.    Epifl uorescent microscope. We used Olympus Vanox AHBT3 

epifl uorescent microscope.   
   10.    Analysis software. We used Imaris software.       

       1.      Inverted   bright-fi eld phase-contrast microscope with long- 
working distance, dry objectives, and camera for images 
 acquisition. We used Leica DM IRE2 inverted microscope 
equipped with digital QImaging Retiga 2000R high sensitivity 
grayscale CCD camera. Image capture was driven by ImagePro 
6.3 software.   

   2.    Insulin syringes.   
   3.    100 mm culture petri dish.   
   4.    86 × 12 mm petri dish.   
   5.    10 and 17 mm punchers.   
   6.    Microdissection forceps, microdissection scissor, and sterile 

 dissection   board.   
   7.    Beaker 100 mL.   
   8.    Magnetic stirrer and stir bars.   
   9.    DMEM 10×, DMEM 1×, and MCDB131 mediums.   
   10.    NaHCO 3 .   
   11.    NaOH 1 N.   
   12.    Agarose.   
   13.    Rat Tail  Collagen   I.        

3    Methods 

  All mice experiments and procedures should be carried out following 
the guidelines and in agreement with the author’s local animal ethics 
committee. Experiments using human samples should be approved by 
the authors’ institutional review board and in accordance with the 
Helsinki Declaration.  

 Isolating and culturing large population of primary mice 
 endothelial cells   (EC) is challenging. The overgrowth of contami-
nating cells, in addition to the fact that  EC   are prone to phenotypic 
drift during culture, render long term culture of these cells a diffi -
cult task to achieve. Therefore, to investigate the role of  DUSP3   in 
EC functions, we used the human primary endothelial  HUVEC 
  cells as an in vitro model. These adherent cells are isolated from the 
vein of the umbilical cord and are commonly used as cellular model 
of angiogenesis. We optimized siRNA  transfection   protocol using 
different commercially available reagents and identifi ed GeneTrans II 

2.8  Aortic Ring 
Assay (ARA)

DSPs in Angiogenesis
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reagent as the best  transfection   reagent yielding a high effi ciency of 
gene  knockdown   without compromising cellular viability. The role 
of  DUSP3   in  EC   functions was evaluated using the tube forma-
tion,  sprouting   and  proliferation   assays. We provide with all these 
detailed protocols in the sections bellow. 

   Cells are maintained  in   complete EGM medium (EBM supple-
mented with the EGM singlequot, 10 % FBS, and 1× penicillin–
streptomycin). In vitro doubling time for  HUVECs   is about 30 h. 

            1.     Prewarm at 37 °C (in a water bath)  the   needed amount of all 
reagents.   

   2.    To thaw HUVECs, incubate them at 37 °C for 2 min.   
   3.    Transfer thawed cells to 50 mL conical tube containing 15 mL 

of complete prewarmed EGM medium and homogenize 
HUVECs suspension.   

   4.    Transfer the cell suspension to a T75 cell culture fl ask and 
incubate in a cell incubator at 37 °C with 5 % CO 2 .   

   5.    Aspirate the initial culture medium and replace with fresh 
37 °C prewarmed complete EGM medium 16–24 h after the 
initiation of the culture and every 48 h thereafter. Cells should 
be split at 70–85 % confl uence.   

   6.    To split cells, remove the complete EGM medium from the fl ask.   
   7.    Wash cells twice with 5 mL prewarmed sterile PBS.   
   8.    Add 5 mL of prewarmed trypsin–Versene solution to the T75 

and incubate at 37 °C for 3–5 min. Regularly ensure micro-
scopically for cell detachment ( see   Note    2  ).   

   9.    When all cells are detached from the fl ask bottom, add 12 mL 
of complete EGM to inhibit trypsin ( see   Note    3  ) and transfer 
the HUVECs suspension to a sterile 50 mL conical tube.   

   10.    Centrifuge at 200 ×  g  for 5 min and discard the supernatant 
without dislodging the cell pellet.   

   11.    Resuspend homogenously the HUVECs in 2 mL prewarmed 
complete EGM.   

   12.    Perform trypan blue exclusion viability test and count cells 
using Marienfeld counting chamber (live cells, due to their 
intact membrane, exclude trypan blue).   

   13.    Seed the cells in new culture vessels at an initial concentration 
of 2500 live cells/cm 2  in the appropriate amount of complete 
EGM (1 mL/5 cm 2 ).   

   14.    Incubate at 37 °C and 5 % CO 2 .   
   15.    For freezing, prepare complete EGM supplemented with 10 % 

DMSO and 10 % FBS (cryopreservation medium) and cool 
down to 4 °C.   

   16.    Resuspend and centrifuge cells as mentioned above ( steps 7 – 10 ).   

3.1  Cell Culture 
and Transfection

3.1.1  HUVECs Culture
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   17.    Resuspend the pellets in cold cryopreservation medium at 
5 × 10 5  cells/mL.   

   18.    Keep the freezing vials at −80 °C overnight and transfer the 
next day in liquid nitrogen tank.      

      The  following   instructions  are   for a 6-well fl at-bottom  tissue 
  culture plate. Adjust all  volumes   accordingly for other culture 
plates. Reconstitution of the GeneTransII is performed according 
to the instructions of the manufacturer.

    1.    Rehydrate with the appropriate volume of Hydration Buffer 
(component of the kit) (1.5 mL for GeneTrans II 0202B) and 
vortex at maximal speed for 10 s. Store at 4 °C and briefl y vor-
tex before each use.   

   2.    The day before  transfection  , harvest HUVECs as described in 
Subheading  3.1.1 ,  steps 1 – 12  and seed 1.2 × 10 5  HUVECs 
per well in 1.5 mL complete EGM medium ( see   Note    4  ).   

   3.    Incubate overnight at 37 °C, 5 % CO 2 , and 90 % humidity.   
   4.    For each well, mix 22.75 μL of DNA diluent B (component of 

the kit) with 2.25 μL of siRNA (100 μM).   
   5.    In another 1.5 mL tube, and for each well, dilute 5.25 μL of 

GeneTrans II Reagent with 19.75 μL of serum-free DMEM.   
   6.    Mix well by pipetting up and down and incubate at room tem-

perature for 5 min. Do not vortex the DNA diluent B.   
   7.    Mix the siRNA-DNA diluent B with the diluted GeneTrans II 

Reagent and incubate at room temperature for 10 min to max-
imum 20 min to allow the formation of lipoplexes.   

   8.    Wash the HUVECs twice with 1 mL serum-free DMEM and 
add 1.5 mL of serum-free DMEM to each well.   

   9.    Add, dropwise, 50 μL of the GeneTrans II/SiRNA lipoplexes 
mix to each well and mix gently by pipetting up and down. 
Final siRNA concentration should be 150 nM.   

   10.    Incubate for 4 h at 37 °C, 5 % CO 2 , and 90 % humidity.   
   11.    Wash cells once with 1 mL PBS and once with 1 mL of complete 

DMEM.   
   12.    Add 1.5 mL of complete EGM medium to each well and incubate 

overnight at 37 °C, 5 % CO 2 , and 90 % humidity.   
   13.    Change the complete EGM medium 16 h after  transfection 

  and incubate at 37 °C, 5 % CO 2 , and 90 % humidity.   
   14.    Use the cells for experimentation 72 h post- transfection 

  ( see   Note    5  ).    

           Tube  formation   assay is based on the differentiation of EC 
(here HUVECs)    into tube-like structures and is a suitable assay to 
compare the angiogenic properties of cells after downregulation of 

3.1.2  RNA Interference 
(RNAi) Transfection 
in HUVECs

3.2  Endothelial Cells 
Tube Formation Assay
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genes of interest. This model can also be used to test proangio-
genic or antiangiogenic properties of different agents. 
Quantifi cation can be achieved by measuring the number, length, 
intersection of the tubes, or the area of the capillary structures 
formed using light microscope in 2D culture. Other advantages 
include the fact that this assay is easy to optimize, fast, require a 
short culture period, can be used for live imaging and high- 
throughput analysis. However, tube formation may vary between 
different lots of support matrix and sometimes between different 
lots of  HUVECs  . Therefore, results obtained using this assay 
should be further confi rmed in vivo [ 10 ].

    1.    Thaw the  Matrigel   overnight at 4 °C and keep on ice as it 
polymerizes and solidifi es at room temperature ( see   Note    6  ).   

   2.    Dispense 200 and 300 μL of  Matrigel   in 24-well fl at-bottom 
tissue culture plates and glass Lab-Tek II chamber slides 
(chamber slides for live imaging), respectively. Avoid the intro-
duction of air bubbles.   

   3.    Incubate for 2 h at 37 °C, 5 % CO 2 , and 90 % humidity.   
   4.    Add 250 and 750 μL of complete EGM to the 24 well plate 

and Lab-Tek chamber, respectively.   
   5.    To allow  Matrigel   polymerization, incubate for at least 1 h at 

37 °C, 5 % CO 2 , and 90 % humidity.   
   6.    48 h after  HUVECs    transfection  , harvest cells as described 

above (Subheading  3.1.1 ,  steps 1 – 12 ).   
   7.    For one time point analysis, add 3 × 10 4  (24-wells)  HUVEC   cells 

on the top of polymerized  Matrigel   dropwise and mix gently by 
rotating the plate without disturbing the  Matrigel   layer.   

   8.    Incubate at 37 °C, 5 % CO 2 , and 90 % humidity for 16 h.   
   9.    Visualize tube formation using a phase-contrast microscope 

and take pictures of different fi elds in the middle of the wells. 
Avoid taking pictures of the wells edges.   

   10.    Total tube length and number of intersections can be quanti-
fi ed using image J software or equivalent. Follow the software 
guideline.   

   11.    To perform time-lapse video microscopy, add 1 × 10 5  of 
 HUVEC   cells suspension drop by drop on the top of polymer-
ized  Matrigel   in the chamber slides and mix gently by rotating 
the slide. Avoid touching the  Matrigel   layer with the pipette tip.   

   12.    Transfer directly the Lab-Tek chamber containing transfected 
cells to the stage of a confocal microscope equipped with  x ,  y , and 
 z  axes and maintained at 37 °C, 5 % CO 2 , and 90 % humidity. 
Acquire images every 10 min during 16 h ( see   Note    7  ). We used 
Nikon A1R confocal microscope and Nis Elements software to 
capture and analyze the time-lapse microscopy images.    
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      Spheroid sprouting assay is  a   standardized three-dimensional 
method to study in vitro angiogenesis. The principle of this assay is 
based on the  sprouting   from gel-embedded self aggregated ECs 
that mimic the formation of new capillaries from preexisting vessels. 
The 3D nature of this model allows for better comparison with the 
in vivo situation. In addition, the model can be adapted for multiple 
applications and allows investigations of signaling pathways involved 
in angiogenesis [ 11 ,  12 ].

    1.    Prepare the 1.2 % methylcellulose: autoclave 6 g of carboxymeth-
ylcellulose in a 500 mL glass bottle with a magnetic stir bar.   

   2.    Preheat 500 mL of EBM medium for 1 h at 60 °C.   
   3.    Add 250 mL of the preheated EBM to the autoclaved carboxy-

methylcellulose and mix by stirring under sterile conditions for 
20 min.   

   4.    Add the remaining 250 mL of EBM to the solution and mix by 
stirring overnight at 4 °C.   

   5.    Aliquot the solution into 50 mL tubes and centrifuge them for 
3 h at 3500 ×  g  at 4 °C. The solution can be kept at 4 °C for 3 
months. Use only the upper 45 mL from the 50 mL aliquots.   

   6.    Harvest  HUVEC   cells as described in Subheading  3.1.1 .   
   7.    Seed 1500  HUVECs   in each well of a non-adherent 96-round 

bottom well plate in a total volume of 200 μL of a reduced 
medium EBM containing 0.24 % of high-viscosity methylcellu-
lose (20 % EGM-MV + 60 % EBM + 20 % of the 1.2 % methylcel-
lulose solution).   

   8.    Incubate for 24 h at 37 °C and 5 % CO 2 .   
   9.    Cut the end of a 1 mL pipet tip to have a wide-bore style tip.   
   10.    Use the wide-bore tip to collect ten spheroids and transfer into 

a 2 mL Eppendorf tube.   
   11.    Centrifuge at 100 ×  g  for 5 min and discard the supernatant.   
   12.    On ice, dilute the  collagen   stock solution at 2 mg/mL following 

the manufacturer instructions and mix at 1:1 with 1.2 % meth-
ylcellulose solution.   

   13.    Embed the ten spheroids in 500 μL of the  collagen   solution 
and mix gently with 1 mL wide-bore tip.   

   14.    Plate immediately in a 24-well plate and incubate at 37 °C and 
5 % CO 2  for 20 min.   

   15.    Add 500 μL of the complete medium at the top of the gel. 
Recombinant protein such as b-FGF (10 ng/mL) or VEGF-A 
(10 ng/mL) can be used as positive controls.   

   16.    Take pictures immediately and after 24 and 48 h using a phase- 
contrast microscope.    

3.3  Spheroid 
Sprouting Assay
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  A representative illustration of the  sprouting   assay in response 
to PMA, VEGF, and b-FGF is shown in Fig.  1 .

        The  cellular    proliferation   can be evaluated by the rate of DNA syn-
thesis that can be measured by the metabolic incorporation of triti-
ated thymidine ( 3 H-TdR) into cellular DNA. We used our 
previously described protocol for T cells proliferation [ 12 ] to per-
form the proliferation assay of HUVEC cells with few modifi cation 
described bellow.

    1.    48 h post- transfection  , seed in triplicate 7.5 × 10 3  HUVECs in 
a total volume of 100 μL per well (96-well fl at-bottom plate) 
of EBM medium (supplemented with 2 % FBS), sterile EGM 
(EBM + singlequots) or EBM + bFGF 100 ng/mL.   

   2.    Incubate the plate overnight at 37 °C, 5 % CO 2 , and 90 % 
humidity.   

   3.    Add 25 μL  3 H-TdR working solution into each well and 
continue incubation for another 6 h.   

   4.    Remove the cell supernatant using a multichannel pipette.   
   5.    Wash the wells once with 50 μL PBS.   
   6.    Add 50 μL of trypsin to each well and incubate for 5 min at 

37 °C, 5 % CO 2  and 90 % humidity.   
   7.    Harvest cells onto a UniFilter plate using an Omnifi lter-96 cell 

harvester (PerkinElmer).   
   8.    Let the plate dry at room temperature for at least 24 h.   

3.4  HUVECs 
Proliferation Assay

  Fig. 1    Representative images of spheroid  sprouting   assay performed with  HUVEC   cells 72 h after  transfection 
  with non-targeting siRNA (siCTL) or with  DUSP3   targeting siRNA (siDUSP3) with no stimulation (NS), in the 
presence of PMA as positive control (75 ng/mL), VEGF (10 ng/mL), or b-FGF (10 ng/mL)       
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   9.    Attach the backing tape to the bottom of the dried plate and 
add 25 μL scintillation liquid buffer in all wells using a multi-
channel pipette.   

   10.    Cover the plate with the MicroAmp optical adhesive fi lm.   
   11.    Place the plate into the scintillation counter and measure the 

radioactivity of the incorporated  3 H-TdR as counts per min 
(cpm). CAUTION: DISPOSE OF RADIOACTIVE WASTES 
INTO APPROPRIATE WASTE CONTAINERS.    

         When  injected   subcutaneously, together with proangiogenic factors, 
 Matrigel   solidifi es and becomes the site of an intense vascular 
development. Therefore, this simple angiogenesis model, initially 
developed by Passaniti, is widely used to assess the angiogenic 
response in vivo [ 13 ,  14 ]. Mice can be injected in both fl anks.

    1.    Thaw the  Matrigel   overnight at 4 °C and keep on ice ( see  
 Note    6  ).   

   2.    For each plug, prepare on ice 500 μL of  Matrigel   supple-
mented with 250 ng/mL b-FGF and 0.138 mg/mL heparin 
( see   Note    8  ).   

   3.    Inject subcutaneously 500 μL of the  Matrigel   mixture in each 
fl ank of the anesthetized mouse using ice-cold syringe with a 
25G needle ( see   Notes    9   and   10  ).   

   4.    10 days after  Matrigel   injection, proceed with mice euthanasia 
following the local ethical committee agreement.   

   5.    Excise carefully the  Matrigel   plug using a scalpel or scissors.   
   6.    To determine the hemoglobin content by a colorimetric 

reaction, weight each  Matrigel   plug and digest with 250 μL 
dispase 5000 U/mL for 1 h at 37 °C.   

   7.    Add 200 μL NaCl 0.9 % in dH 2 O and mechanically ground the 
plugs using a tissue grinder with glass pestle.   

   8.    Centrifuge 5 mL at 370 ×  g  and recover the supernatant.   
   9.    Reconstitute the Drabkin’s solution by adding 1 mL dH 2 O to 

one vial of Drabkin’s reagent and add 0.5 mL of the 30 % Brij 
35 Solution. Protect from light.   

   10.    Use bovine hemoglobin as a standard. Resuspend hemoglobin 
in a mix of 55 % dispase and 45 % NaCl 0.9 % (v/v) solution.   

   11.    Prepare an eight-point standard curve using twofold serial 
dilutions, starting from 500 μg/mL hemoglobin.   

   12.    Add 20 μL of the digested  Matrigel   supernatant to 0.1 mL 
Drabkin solution and incubate for 15 min at room 
temperature.   

   13.    Read absorbance at 540 nm using a Multiscan MS microplate 
reader and determine hemoglobin concentration using the 

3.5  Matrigel 
Plug Assay
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standard curve. Calculated values are normalized by dividing 
the hemoglobin percentage by the plug weight and are expressed 
as g/dL of hemoglobin per milligram of  Matrigel   [ 15 ] ( see  
 Note    11  ). An illustrative example of  Matrigels   retrieved from 
wild type and  DUSP3  -KO mice is shown in Fig.  2 .

   An alternative method to quantify microvessels in  Matrigel 
  plugs is the quantifi cation of fl uorescein isothiocyanate (FITC)-
dextran staining in the  Matrigel   sections. To perform this, 
separated group of mice should be used.   

   14.    Proceed as described above (from  steps 1 – 3 ).   
   15.    At day 10 after  Matrigel   injection, and 5 min prior to mice 

sacrifi ce, inject the mice intravenously in the tail vein with 
freshly prepared FITC-Dextran (100 mg/kg).   

   16.    Excise carefully  Matrigel   plugs and freeze immediately on dry 
ice in Tissue-Tek O.C.T then at −80 °C until use.     

     The Lewis lung carcinoma cells, also called  LLC   or 3LL, is a 
C57BL/6 lung tumor derived cell line and is widely used as a trans-
plantable malignant model to study angiogenesis, tumor growth 
and metastasis formation in syngeneic C57BL/6 mice [ 16 ,  17 ]. 
We used this model to evaluate the role of  DUSP3   in angiogenesis- 
dependent tumor growth. Mice can be injected in both fl anks with 
 LLC   cells. 

  LLC   cells are maintained in complete DMEM (supplemented 
with 10 % FBS, 2 mM glutamine, and 1× penicillin–streptomycin). 
In vitro doubling time for  LLC   cells is approximately 12 h. 

    For thawing and growing  LLC   cells, proceed as described for 
 HUVECs   in Subheading  3.1.1 ,  steps 1 – 12  except that the medium 
used for  LLC   is DMEM.

3.6  LLC 
Subcutaneous Tumors

3.6.1   LLC   Cells Culture

  Fig. 2     Matrigel   plug assay representative images. Matrigel plugs were retrieved 
from wild type (WT)  and   DUSP3-KO mice 7 days after Matrigel subcutaneous 
injection. ( a ) and ( c ): Matrigel plugs before dissecting them out of WT ( a ) and 
DUSP3-KO ( c ) right fl anks of the mice. ( b ) and ( d ): Matrigel plugs retrieved from 
WT ( b ) and DUSP3-KO ( d ) mice (two plugs per mouse)       
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    1.    Seed the cells in new culture vessels at an initial concentration 
of 3 × 10 4  live cells/cm 2  in the appropriate amount of complete 
DMEM (1 mL/5 cm 2 ).   

   2.    Incubate  LLC   cells at 37 °C, 5 % CO 2 , and 90 % humidity.    

  For freezing, proceed as described for  HUVECs   in 
Subheading  3.1.1 ,  steps 15 – 18  except that the medium used is 
DMEM and with 1 × 10 6  cells/mL concentration.  

       1.    Harvest the  LLC   cells as described in Subheading  3.6.1 .   
   2.    Wash cells once in cold DMEM and centrifuge at 200 ×  g  for 

5 min.   
   3.    Discard supernatant and dilute cells in cold non-supplemented 

DMEM at a concentration of 1 × 10 6  cells/50 μL. Keep the 
cells on ice until injection.   

   4.    Inject subcutaneously 50 μL of the cell suspension (1 × 10 6  
cells) in each fl ank of anesthetized mice using a syringe with 
25G sterile needle ( see   Note    10  ).   

   5.    After 7 days, proceed with mice euthanasia and carefully har-
vest the  LLC   tumors. At this stage, in wild type mice, the size 
of  LLC   tumor should be around 4 mm.   

   6.    For the determination of the hemoglobin content by a colori-
metric reaction, weight each tumor and mechanically ground 
the tumors in 450 μL NaCl 0.9 % using a homogenizer.   

   7.    Centrifuge 3 min at 825 ×  g  and recover the supernatant.   
   8.    Proceed with Drabkin reagent and hemoglobin determination 

as described in Subheading  3.5 ,  steps 9 – 13 .       

    To  quantify   the number of  endothelial cells  , anti-CD31/PECAM 
can be used on both retrieved  Matrigel   plugs and  LLC   frozen sec-
tions. Combined to the use of the FITC-Dextran and in addition 
to the quantifi cation of functional blood vessels, this method allows 
the identifi cation of perfused vasculature structures [ 17 ].

    1.    Prepare frozen FITC-Dextran  Matrigel   sections of 7 μm 
( see   Note    12  ).   

   2.    Put the slides on a rack and fi x in ice-cold acetone for 2 min.   
   3.    Remove the acetone and add 80 % cold methanol. Incubate at 

4 °C for 5 min.   
   4.    Wash 3 × 5 min with PBS.   
   5.    Delimitate the sections on slides using Dakopen. Cover the 

sections with a drop of normal goat serum and incubate the 
slides for 30 min at room temperature in dark humid 
chamber.   

   6.    Aspirate the serum and wash 3 × 5 min with PBS.   

3.6.2  LLC Subcutaneous 
Injection

3.7  Anti-CD31 
Immunofl uorescence
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   7.    Add suffi cient volume (to cover the sections) of anti-CD31 
(1/100 dilution) antibody diluted in 5 % normal goat serum/
PBS and incubate for 1 h at room temperature in dark humid 
chamber.   

   8.    Wash 3 × 5 min with PBS.   
   9.    Add suffi cient volume of anti-rat Alexa 594 secondary (1/200) 

antibody diluted in 2 % normal goat serum/PBS and incubate 
for 1 h at room temperature in dark humid chamber.   

   10.    Wash 5 min with PBS, three times.   
   11.    Mount the slides using Vectashield mounting medium with 

DAPI.   
   12.    Visualize the  Matrigel   stained sections under epifl uorescent 

microscope using red fi lter (for Alexa 594) and green fi lter (for 
FITC-Dextran) and 20× objective. We used Olympus Vanox 
AHBT3 ( see   Note    13  ).   

   13.    Quantify the number of CD31 +  blood vessels sections and 
total FITC-Dextran fl uorescence intensity using Imaris soft-
ware ( see   Note    14  ).    

     
  The  aortic ring assay (ARA)   consists in the outgrowth of blood 
capillaries from a small fragment of the aorta embedded in a type I 
 collagen   gel. This assay recapitulates all the steps of capillaries for-
mation. The ARA is a suitable model used to investigate the molec-
ular basis of angiogenesis, to evaluate the effi cacy of proangiogenic 
or antiangiogenic agents or to phenotype transgenic mice [ 13 ,  18 ].

    1.    Add 1.5 g of agarose to 100 mL of dH 2 O, autoclave and cool 
down at room temperature.   

   2.    Melt the autoclaved 1.5 % agarose in a microwave.   
   3.    Add 30 mL of melted agarose in 100 mm culture petri dish 

and incubate at 4 °C to allow polymerization (at least 12 h).   
   4.    Meanwhile, prepare the MCDB131 medium: Add 5 mL of 

penicillin–streptomycin, 5 mL of  L -glutamine, 5 mL of sterile 
NaHCO 3  at 92.4 mg/100 mL, and 50 mL of FCS to 500 mL 
of MCDB131. Keep at room temperature.   

   5.    Anesthetize the mice in a saturated isofl urane bell-jar and 
proceed with euthanasia by decapitation to allow blood 
elimination.   

   6.    Surface-sterilize the mouse with 70 % ethanol.   
   7.    Lay mice back-down on a dissecting board in a laminar fl ow 

tissue culture hood to maintain sterility, fi xing the legs to the 
board with pins.   

   8.    Open the ventral skin with a single cut. Thereafter, use  dissection   
scissors and blunt  dissection   to peel back the skin.   

   9.    Open the thoracic cavity and cut around the rib cage.   

3.8  Aortic Ring 
Assay (ARA)
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   10.    Remove the liver, the lungs, the stomach, and the intestine, to 
expose the aorta visible as a fat-covered blood vessel tracking 
down along the spine.   

   11.    Starting from the aorta separation into the iliac, detach the 
aorta from the spinal column, running the small scissors 
between the aorta and the spine toward the diaphragm.   

   12.    When the aorta is separated from the spine, cut it near to the 
heart and transfer it into a petri dish containing ice-cold serum-
free DMEM. CAUTION: Do no let the aorta dry.   

   13.    Eliminate any blood residues by fl ushing carefully the aorta 
using a 1 mL syringe containing DMEM.   

   14.    Fix the aorta to the sterile board with pin and remove carefully 
all the peri-aortic fi bro-adipose tissue and the branching vessels 
with forceps.   

   15.    Cut the aorta into 1 mm long fragments with a scalpel and 
transfer them into a petri dish containing ice-cold serum-free 
DMEM. A total of 15–20 aortic rings can be obtained per 
aorta.   

   16.    Prepare the working  collagen   solution: on ice, mix gently 
7.5 mL of rat-tail type 1  collagen  , 1 mL DMEM 10×, and 
1.5 mL NaHCO 3  at 15.6 mg/100 mL. Add NaOH 1 N till 
obtaining of a light pink color solution.   

   17.    Punch agarose cylinders out of the previously prepared agarose 
gel ( steps 1 – 3 ) with a 17 mm puncher and then, punch the 
cylinders in the center using a 10 mm puncher to obtain empty 
rings.   

   18.    Put fi ve rings in a 86 × 12 mm petri dish.   
   19.    Add 200 μL of the  collagen   solution in each ring and incubate 

10 min at 37 °C. 
 CAUTION: Avoid the formation of bubbles.   
   20.    Prepare a solution with ¾ DMEM and ¼ of the working  col-

lagen   solution.   
   21.    Soak the aortic rings (prepared in  step 15 ) in the 

DMEM/ collagen   solution and place each aortic ring on the 
 collagen   layer in the center of the agarose ring. Incubate for 
10 min at 37 °C, 5 % CO 2 .   

   22.    Add 200 μL of the working  collagen   solution and incubate for 
10 min at 37 °C, 5 % CO 2 .   

   23.    Add 6 mL of complete MCDB131 medium in the petri dish 
and incubate at 37 °C 5 % CO 2 . We used additif-free- MCDB131 
medium as a negative control. Mouse recombinant VEGF-A 
(10 ng) can be used as a positive control.   

   24.    Take pictures after 6 and 9 days of culture under a phase- 
contrast microscope.   
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   25.    Quantifi cation of the microvessel distribution around the ring 
as well as the maximum distance of cell migration (Lmax) can 
be evaluated using a computer assisted method as reported in 
detail elsewhere [ 18 ]. An illustrative example of the expected 
results is shown in Fig.  3 . 

4                            Notes 

     1.    The EGM singlequot kit supplements and growth factors con-
tain 0.5 mL of hEGF, 0.5 mL hydrocortisone, 0.5 mL gentami-
cin and amphotericin B, 2 mL bovine brain barrier extracts, 
0.5 mL ascorbic acid, and 10 mL FBS. We obtained better 
results by culturing the  HUVECs   in 10 % of FBS instead of 2 %.   

   2.    About 90 % of cells should be detached from the bottom of 
the fl ask. To facilitate cells detachment, gently tap the corner 
of the culture dish. The entire procedure should not take 
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  Fig. 3    Ex-vivo microvasculature outgrowth assay illustrative images. ( a ) Phase-contrast micrographs of tho-
racic aortas from 17-week-old WT and DUSP3-KO mice grown for 9 days in  collagen   additive-free (no stimula-
tion: NS), in 2.5 % serum containing  collagen   gels, in 20 ng/mL of b-FGF- or 20 ng/mL of VEGF-supplemented 
 collagen   gels. Magnifi cation ×25. ( b ) Computerized quantifi cation of number of microvessel intersections and 
maximal length of vessels from culture conditions shown in ( a ).  X -axis represents the length of the aortic 
microvessel outgrowth and  Y -axis represents the number of intersections of the microvessels. The  arrows  in 
the b-FGF stimulated conditions indicate the maximal vessel growth, Lmax (mm) for DUSP3 −/−  and for DUSP3 +/+  
aortas. *** p  < 0.001 ( t -student test)       
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more than 5 min to avoid cells damage. If the  HUVECs   do 
not detach, trypsin may be not enough prewarmed or not 
active enough.   

   3.    Complete EGM is supplemented with 10 % FBS. FBS is known 
to inhibit trypsin. Hence, the addition of complete EGM to 
the fl ask at the end of the trypsinization procedure inhibits the 
process. It is also essential to remove traces of serum before 
trypsinization by washing the cells carefully with PBS without 
Ca 2+  and Mg 2+ .   

   4.    For optimal  RNA interference   effi ciency,  HUVEC   confl uence 
should be approximately 60–70 % at the time of  transfection  .   

   5.    For  DUSP3  , the best protein extinction was observed at 72 h 
post- transfection   as evaluated by western  blot  . This time point 
should be determined for each protein of interest and depend 
on the protein half-life.   

   6.    Avoid freezing–thawing cycles of the  Matrigel   and use precooled 
material (tips, pipets, tubes, culture plates) to ovoid polymeriza-
tion of the  Matrigel  .   

   7.    Setting up of the time lapse conditions and image acquisition is 
performed at time 0 on a  z -axis. During acquisition, cells move 
into the  Matrigel   and the focal point may be lost. To limit this, 
z-stack images should be taken for every time point: one in the 
top of cells, one in the middle and a third one at the cells 
bottom. Images acquisition should also be taken in the center 
of the slide (avoid the edges). Laser capture system may also be 
toxic to cells and may perturb tube formation if the time lapse 
exceed 16 h.   

   8.    Several growth factors and drugs can be used in this assay. 
VEGF, cancer cell (and other cell type) conditioned medium, 
and even cancer cells can be used. Concentrations of growth 
factors and compounds used should be adjusted by the 
users.   

   9.    The mixture should be injected slowly. Wait for 10–20 s before 
removing the needle to allow the  Matrigel   to solidify and avoid 
leaking.   

   10.    To facilitate the injection, the skin on each fl ank must be shaved 
prior to injection.   

   11.    Determination of hemoglobin concentration in  Matrigel   plug 
is an indirect simple method to quantify the number of blood 
vessels in the  Matrigel   plug or in  LLC   tumor mass [ 15 ,  19 ]. 
Results obtained using this method should be confi rmed using 
a histological method.   

   12.     Matrigel   sections should be prepared on superfrost microscope 
slides. Cryostat chamber atmosphere should be around −30 °C 
and a temperature object of −13 °C.   
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   13.    To ensure best quality results, examine the slides immediately 
after performing the  immunofl uorescence   staining. Use nail 
polish to seal the coverslip on the slide. If not possible, store 
the slides in the dark at 4 °C for a maximum of 1 week.   

   14.    We used Imaris software to quantify the number of CD31 +  
blood vessels sections and total FITC-Dextran fl uorescence 
intensity. Among many other possibilities, this software allows 
the semi-automated detection and quantifi cation of fl uorescence 
on 2D. The use of a manually predefi ned fi lter (fl uorescence 
intensity threshold to remove background staining, area thresh-
old to remove nonspecifi c signal from antibodies precipitates) 
saves time and limits the manual analysis bias. Such quantifi ca-
tion of positive fl uorescent blood vessels and the fl uorescence 
intensity can also be performed manually using Image J software 
(National Institutes of Health).           
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    Chapter 19   

 Studying Protein-Tyrosine Phosphatases in Zebrafi sh                     

     Alexander     James     Hale     and     Jeroen     den     Hertog      

  Abstract 

   Protein-tyrosine phosphatases (PTPs) are a large family of signal transduction regulators that have an 
essential role in normal development and physiology. Aberrant activation or inactivation of PTPs is at the 
basis of many human diseases. The zebrafi sh,  Danio rerio , is being used extensively to model major aspects 
of development and disease as well as the mechanism of regeneration of limbs and vital organs, and most 
classical PTPs have been identifi ed in zebrafi sh. Zebrafi sh is an excellent model system for biomedical 
research because the genome is sequenced, zebrafi sh produce a large number of offspring, the eggs develop 
outside the mother and are transparent, facilitating intravital imaging, and transgenesis and (site-directed) 
mutagenesis are feasible. Together, these traits make zebrafi sh amenable for the analysis of gene and pro-
tein function. In this chapter we cover three manipulations of zebrafi sh embryos that we have used to study 
the effects of PTPs in development, regeneration, and biochemistry. Microinjection at the one-cell stage is 
at the basis of many zebrafi sh experiments and is described fi rst. This is followed by a description for mea-
suring regeneration of the embryonic caudal fi n, a powerful and robust physiological assay. Finally, the 
considerable but manageable troubleshooting of several complications associated with preparing zebrafi sh 
embryos for immunoblotting is explained. Overall, this chapter provides detailed protocols for manipulat-
ing zebrafi sh embryo samples with a compilation of tips collected through extensive experience from the 
zebrafi sh research community.  

  Key words     Zebrafi sh  ,   Protein-tyrosine phosphatases  ,   PTP  ,   Microinjection  ,   Regeneration assay  , 
  Tissue lysis  

1      Introduction 

 Protein-tyrosine phosphatases (PTPs) are a large family of  signal 
transduction   regulators, determining rate and duration of  phospho-
tyrosine (pTyr)    phosphorylation   cascades [ 1 ]. Disruption of PTP 
activity leads to aberrant  pTyr   signaling and is at the basis of many 
human diseases [ 2 ]. Much is already known of the mechanisms PTPs 
employ to regulate  signal transduction   [ 3 ] and the regulation of 
their dephosphorylating activity [ 4 – 6 ]. Yet, a full appreciation of the 
importance of temporal and spatial control of PTP activity is best 
acquired in vivo. Model organisms used to acquire such insights 
include the invertebrates  Drosophila  [ 7 ] and  C. elegans  [ 8 ] and the 
vertebrates   Danio rerio    [ 9 ], mouse [ 10 ], and rat [ 11 ]. 
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 The zebrafi sh   Danio rerio    is being used extensively to model 
major aspects of development [ 12 ] and diseases including cancer 
[ 13 ,  14 ], metabolic disease [ 15 – 17 ], and cardiovascular disease 
[ 18 ]. Zebrafi sh are even used to study the mechanism of regenera-
tion of limbs and vital organs [ 19 ,  20 ]. Evidently, zebrafi sh studies 
are a key aspect of translational research and are enabling advance-
ments in human health [ 21 ]. Zebrafi sh are oviparous, provide up to 
200 embryos per mating pair per week and develop within 5 days, 
with most organs forming within 48 h. Many existing genetic 
mutants are available from stock centers (Zebrafi sh International 
Resource Center in Eugene, USA, and European Zebrafi sh 
Resource Center in Karlsruhe, Germany) and  mutagenesis   is highly 
feasible using optimized transcription activator-like effector nucle-
ases (TALENs) [ 22 ] or the combination of Clustered Regularly 
Interspaced Short Palindromic Repeats (CRISPR) with the CRISPR 
associated protein (CAS) [ 23 – 25 ]. Transient overexpression or sta-
ble transgenesis can readily be achieved through  microinjection   of 
synthetic messenger RNA (RNA) or plasmid DNA respectively at 
the one-cell stage [ 26 ]. In addition,  mutagenesis  - based gene inacti-
vation is carried out using reagents such as  N -ethyl- N -nitrosourea 
(ENU) to generate random single nucleotide mutations [ 27 ]. 

 Zebrafi sh embryos are transparent, allowing for easy analysis of 
developmental progression and defects as well as disease pheno-
types. Intravital imaging of fl uorescent markers expressed in a tis-
sue- or cell type-specifi c manner provides a powerful tool for 
studying developmental processes. This has been taken advantage 
of extensively to study  angiogenesis   [ 28 ], lymphangiogenesis [ 29 ], 
convergence and extension cell movements during development 
[ 30 ] and even to capture embryonic development in 3D [ 31 ,  32 ]. 
Intravital imaging of  fusion proteins   facilitates the analysis of pro-
tein localization,  protein–protein interactions  , and protein func-
tion in a whole organism in vivo. In addition, several techniques 
are now being refi ned and will augment the advantages of zebrafi sh 
as an experimental system. These include proteomics analysis of 
zebrafi sh embryos using  mass-spectrometry   following selection by 
 immunoprecipitation   [ 33 – 35 ], analysis of the plasma proteome 
following blood collection [ 36 ] and derivation of cell lines from 
single embryos [ 37 ]. 

 Finally, the relative simplicity of adding compounds to either 
the water of the adults or the medium of the embryos, combined 
with the possibility for large sample number and rapid reproduc-
ibility has led to several bioactive compound screens [ 18 ,  38 ]. 
Notably, combining knockouts or embryos with transient 
 overexpression with timed drug treatments provides an unparal-
leled opportunity to pinpoint the exact temporal role of proteins 
in vivo. 

 An important experimental consideration is that the zebrafi sh 
genome was duplicated early in evolution [ 39 ,  40 ]. Whilst some of 
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the duplicated chromosomes were lost, the duplicated genes that 
remain may have complementary or diverging expression patterns 
and exhibit redundant or complementary functions. Therefore, 
gene duplications may complicate the creation of knockout mutants 
by requiring two redundant genes to be targeted. The translational 
value is another essential consideration when choosing an experi-
mental system and the reason the zebrafi sh is regularly used to 
model disease is in part due to 84 % of human genes associated 
with a disease having a zebrafi sh counterpart [ 41 ]. 

 All classical PTPs, except  ptpn7 ,  ptpn12 , and  ptpn14 , have been 
identifi ed in the zebrafi sh genome and 14 are duplicated [ 42 ]. Van 
Eekelen et al. 2010 also characterize expression duration and local-
ization using in situ hybridization, identifying that some of the 
duplicated PTP pairs have divergent expression patterns, indicative 
of diverging functions. A good example of the complexity arisen 
from PTP duplication is that of  ptpn11 , encoding the Shp2 pro-
tein. Bonetti et al. 2014 demonstrate that zebrafi sh  ptpn11a  and 
 ptpn11b  encode highly homologous proteins, Shp2a and Shp2b 
respectively. Yet, whilst  ptpn11a   −/−   mutants have severe develop-
mental defects and are embryonic lethal,  ptpn11b   −/−   mutants show 
no obvious developmental defects. This difference may suggest that 
Shp2a and Shp2b proteins are functionally distinct. Shp2b does 
have a function in development, because  ptpn11a   −/−    ptpn11b   −/−   
mutants exhibit a slightly more severe phenotype than  ptpn11a   −/−   
mutants. Furthermore, severe developmental defects displayed by 
 ptpn11a   −/−    ptpn11b   −/−   double mutant embryos are rescued by 
transient overexpression of either Shp2a or Shp2b, demonstrating 
functional similarity of Shp2a and Shp2b proteins. The expression 
patterns of  ptpn11a  and  ptpn11b  are distinct;  ptpn11a  is constitu-
tively expressed at a high level throughout development, whereas 
 ptpn11b  expression is at a relatively low level during early develop-
ment and increases steadily through later stages. Hence, we con-
clude that the difference in expression patterns of  ptpn11a  and 
 ptpn11b , rather than an intrinsic difference in protein function of 
Shp2a and Shp2b is at the basis of the difference in function of 
 ptpn11a  and  ptpn11b  during development [ 43 ]. The accompanied 
complexity of gene duplication can be used to extensively delineate 
gene function and the advantages of zebrafi sh as an experimental 
system make it ideal for elucidating the intricate function and regula-
tion of PTPs in vivo. Hence, zebrafi sh are often used to understand 
the role of PTPs in signaling in development [ 44 – 47 ] and, lately 
more, in disease [ 34 ].  

2    Materials 

 All solutions are prepared in double-distilled, deionized Milli-Q 
fi ltered water (resistivity of 18 MΩ cm at 25 °C). 
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       1.     Bright-fi eld/ Nomarski   optics stereomicroscope.   
   2.    Micromanipulator.   
   3.    Pneumatic microinjector.   
   4.    Nitrogen (N 2 ) gas.   
   5.    Glass capillaries: Outer diameter 1 mm, inner diameter 

0.78 mm, length 100 mm.   
   6.    0.01 mm micrometer slide.   
   7.    10 μl microloader pipette tips.   
   8.    0.5 % phenol red.   
   9.    Thermomixer.   
   10.    E3 medium: 5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl 2 , 

0.33 mM MgSO 4 .   
   11.    0.05 % methylene blue; dilute in E3 medium to 0.01 % prior to 

use.   
   12.    Micropipette puller P97.   
   13.    Putty or tape.   
   14.    Slanted lane mold.   
   15.    Plastic 15 and 10 cm plates.   
   16.    Ultrapure agarose.   
   17.    70 % ethanol.   
   18.    Mineral oil.       

       1.    Stereomicroscope.   
   2.    Bright-fi eld/Nomarski optics stereomicroscope with camera 

function.   
   3.    0.4 % MS222: 0.4 % ethyl 3-aminobenzoate methanesulfonate 

salt (MS222), 50 mM Tris–HCl pH 7.5; dilute in E3 medium 
to desired concentration prior to use.   

   4.    Stainless steel surgical blade.   
   5.    Plastic and glass Pasteur pipettes.   
   6.    Plastic 10 cm dish and multi-well plates.   
   7.    10 μl microloader pipette tips.   
   8.    E3 medium: 5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl 2 , 

0.33 mM MgSO 4 .      

       1.    1.5 ml tubes.   
   2.    Mini-pestle (to fi t in the 1.5 ml tubes).   
   3.    1 ml syringe and 0.2–0.8 mm needles.   
   4.    Sonicator.   
   5.    Degassed lysis buffer: 25 mM 4-(2-hydroxyethyl)-1- 

piperazineethanesulfonic acid (HEPES) pH 7.4, 150 mM 

2.1  Microinjection

2.2  Regeneration 
Assay

2.3  Tissue Lysis 
for Protein Extraction
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NaCl, 0.25 % deoxycholate, 1 % Triton X-100, 10 mM MgCl 2 , 
1 mM ethylenediaminetetraacetic acid (EDTA), 10 % glycerol.   

   6.    RIPA buffer: 25 mM Tris–HCl pH 7.6, 150 mM NaCl, 1 % 
NP-40, 1 % sodium deoxycholate, 0.1 % sodium dodecyl sulfate.   

   7.    Ginzburg fi sh Ringers buffer: 111.2 mM NaCl, 3.35 mM KCl, 
2.38 mM NaHCO 3 .   

   8.    Liquid nitrogen (N 2 ).   
   9.    Thermomixer.   
   10.    Cold centrifuge.   
   11.     Protease inhibitors  , aprotinin and leupeptin (both 1 mg/ml).   
   12.    Phosphatase  inhibitors   sodium fl uoride (0.5 M), beta- 

glycerophosphate (1 M), and sodium orthovanadate (200 mM).   
   13.    70 % ethanol.   
   14.    2× Laemmli sample buffer: 2 % β-mercaptoethanol, 20 % glycerol, 

0.125 M Tris–HCl pH 6.8, 4 % sodium dodecyl sulfate, 
(a pinch) bromophenol blue.       

3    Methods 

 The underlying principle of the protocols and notes that follow is 
that zebrafi sh embryos are a living organism, useful for analyzing 
phenotypes, but can also be considered a compact factory of cells 
malleable to existing molecular techniques. All procedures involv-
ing zebrafi sh described were approved by the local animal experi-
ments committee and performed according to local guidelines and 
policies in compliance with national and European law. Zebrafi sh 
maintenance and breeding were performed following published 
protocols [ 48 ]. 

 An absolute must for the genetic manipulation of zebrafi sh is 
the skill to microinject at the one-cell stage. This is covered fi rst 
(Subheading  3.1 ) and following this a plethora of manipulations 
are available. Here, a description for measuring regeneration of the 
embryonic caudal fi n, a powerful and robust physiological assay, is 
given (Subheading  3.2 ). Also the method of lysing zebrafi sh tissue 
for protein extraction to perform SDS-PAGE and immunoblotting 
will be detailed (Subheading  3.3 ), which requires considerable but 
manageable troubleshooting due to the complications that arise 
from obtaining a homogenous zebrafi sh cell lysate and lack of anti-
bodies that recognize the zebrafi sh ortholog. 

 In Subheading  3.1  we cover the use of  microinjection   for intro-
duction of alien genetic material into an organism, which began in 
1971 when it was used to introduce DNA into Xenopus oocytes 
[ 49 ]. Since then the technique has been adapted for  microinjection 
  of zebrafi sh embryos at the one-cell stage and early mouse blasto-
cysts for transgenesis [ 50 ,  51 ] and cells in culture [ 52 ]. A detailed 
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video protocol for  microinjection   of zebrafi sh embryos can be 
found on Jove entitled “ Microinjection   of zebrafi sh embryos to 
analyse gene function” [ 53 ]. Needles for holding and injecting 
RNA or DNA are made using a glass capillary micropipette puller, 
which contains a heating fi lament that slowly melts the glass and as 
the two halves separate the tip is stretched to the correct diameter. 
Each machine model will need to be calibrated according to the 
manufacturer’s instructions before use. 

 RNA  microinjection   leads to effi cient, and usually high, expres-
sion within several hours and will be described below, though the 
reader can consider all uses of “RNA” interchangeable with “DNA.” 
The only signifi cant factor when microinjecting DNA is that accu-
racy needs to be high to ensure that the DNA ends up in the cell. 
For this reason, signifi cant effort is made to align embryos properly 
in the  microinjection   plate to improve accuracy of injecting directly 
into the cell.  Microinjection   is a technique that develops and 
improves with experience. It is easy to learn but diffi cult to teach as 
a lot is based on a singular coordinated movement of fi ngers moving 
the needle into the embryo and feet ejecting the RNA or DNA, and 
this is a “comfortable” feeling once mastered. For example, it takes 
practice to be able to estimate just how much of the needle needs to 
be shortened once mounted; there is no way to measure this. Practice 
is essential, and once the technique is acquired the individual tends 
to improve without any further guidance. 

 In Subheading  3.2  an embryonic caudal fi n  regeneration assay   
is described. Some urodeles and teleosts are capable of epimorphic 
regeneration, perfect or near-perfect replacement of lost tissue, 
throughout their lifetime [ 54 ]. Zebrafi sh are capable of regenerat-
ing multiple tissues, including fi ns, the brain, retina, spinal cord, 
and heart [ 19 ]. Zebrafi sh are therefore an excellent model to study 
and understand the mechanism of epimorphic regeneration. The 
results that emerge from such research may pave the way to 
enabling adult mammal organs to regenerate, most of which are 
currently limited to infl ammation and formation of a  collagen  -rich 
connective tissue scar following injury [ 55 ]. Adult zebrafi sh caudal 
fi n regeneration takes 10–12 days to complete. In comparison, 
embryo caudal fi ns only take 3 days, making the embryonic  regen-
eration assay   an effi cient and reproducible technique. A previously 
established caudal fi n regeneration model [ 56 ] was adapted to 
amputate at 2 days post fertilization and regeneration is then 
completed by 3 days post amputation (5 days post fertilization). 

 Importantly, as regeneration rate is higher in embryos, wound 
healing is also more rapid. For this reason it is paramount that a 
picture of the amputated caudal fi n be taken as soon as possible to 
capture the wound margin as accurately as possible. Another con-
sideration with an embryonic caudal fi n  regeneration assay   is that 
changes in regeneration rate could also be due to changes in rate 
of embryonic development. It is ideal to compare amputated 
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embryos with same stage uncut embryos and, therefore a picture 
of an uncut embryo is taken at the same time as the embryo with 
the wound margin. This technique can easily be combined with 
 microinjection   of RNA or DNA or drug treatments. 

 Subheading  3.3  describes tissue lysis of whole zebrafi sh 
embryos for extraction of protein. Zebrafi sh embryos, up to 6 
days, can be considered tissue extracts for applying molecular tech-
niques. Thus, the method remains the same regardless of age but 
becomes more laborious with older, more defi ned tissue. 
Preparation of zebrafi sh embryos for SDS-PAGE requires deyolk-
ing, and then lysis buffer is applied before the sample is homoge-
nized. A general method can be found on the ZFIN database [ 57 ] 
but we have developed our own lysis buffers and homogenization 
techniques for specifi c uses of the protein extract and this will be 
explained in detail below. 

 Zebrafi sh embryos have a yolk sac, providing nutrients for 
growth until day 6 when the embryos can eat particle food [ 48 ]. 
This yolk sac contains a high concentration of vitellogenin, a 
phospholipo- glycoprotein composed of multiple subunits, the 
most predominant two at around 150 and 80 kDa. Unfortunately, 
the yolk proteins interfere with detection of specifi c proteins by 
immunoblotting, presumably due to the high expression levels of 
the yolk proteins. Particularly detection of specifi c proteins of 
similar sizes as the yolk proteins is problematic. This interference 
can be largely reduced by deyolking embryos using Ginzburg fi sh 
Ringers solution [ 58 ]. After deyolking, lysis buffer is applied. We 
use one of two lysis buffers, each has advantages and disadvan-
tages. Whereas RIPA lysis buffer is fast and provides high yield, the 
presence of SDS may disrupt delicate  protein-protein interactions  . 
In comparison, degassed lysis buffer will yield less protein but the 
absence of SDS protects delicate  protein-protein interactions  , 
which is useful if intending to perform co- immunoprecipitation  . 
Following the choice of lysis buffer there are three options for 
homogenization. The least challenging, but also the least effective 
in terms of yield, is using a mini-pestle to crush the embryo in the 
1.5 ml tube containing lysis buffer. A higher yield can be obtained 
by using a syringe and needle to aspirate and push the tissue 
through a small (<0.4 mm) needle opening (shearing). 
Complications arise with larger tissue (e.g., fi n clips and embryos 
approaching 5 days post fertilization) which may clog the needle. 
Though laborious, this complication can be resolved by fi rst choos-
ing an appropriately sized (>0.6 mm) needle for the dense tissue 
extract and repeating homogenization with a smaller needle after-
wards. The fi nal alternative is to use a sonicator, which works well 
on embryos up to 4 days old but may take considerably longer on 
defi ned tissue such as fi n-clips. 

 Following successful lysis of zebrafi sh tissue, the lysate can 
be loaded onto an SDS-PAGE gel following a standard protocol. 
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The only exception is that a protein concentration assay (e.g., 
Biorad Bradford assay) is not performed on zebrafi sh embryos 
because the sample is less pure than from cells and there is an abun-
dance of yolk protein which will skew the estimation. Instead pro-
tein level is correlated with the number of embryos per unit volume 
of lysis buffer used. A standard protocol for immunoblotting can 
also be applied. A far greater problem is the sheer lack of antibodies 
that recognize the zebrafi sh protein homologs. It is not uncom-
mon that when the zebrafi sh and mammalian homologs share a 
high percentage amino acid sequence similarity, the antibody raised 
against the mammalian homolog does not bind the zebrafi sh 
homolog. Even when the epitope sequence is conserved the anti-
body does not necessarily work for the zebrafi sh homolog; some-
times the antibody will simply not bind anything but more often 
the problem is increased nonspecifi c binding (including sequestra-
tion of the antibody by the yolk protein). This antibody issue may 
be partially circumvented by raising an antibody against the puri-
fi ed target zebrafi sh protein. However, functionality of these anti-
bodies is not necessarily guaranteed and should be tested 
thoroughly for validation. Also of note is that these antibodies do 
not always have the same effi ciency on endogenous proteins in 
zebrafi sh embryos. Hopefully, with time, a range of antibodies 
produced and validated by different labs will become available on 
the commercial market. Some are already available at the Zebrafi sh 
International Resource Centre (ZIRC). 

         1.    Dissolve  ultrapure   agarose in E3 medium with 0.01 % methylene 
blue to prepare a 2 % agarose solution.   

   2.    Pour 2 % agarose into a plastic 10 cm dish and gradually apply 
the plastic lane mold onto the surface of the agarose. Leave 
new  microinjection   plate (Fig.  1 ) to set ( see   Note    1  ).

3.1  Microinjection

  Fig. 1    Example of a  microinjection   plate made of 2 % agarose ( a ) and higher 
magnifi cation showing the grooves with the beveled edge ( arrow heads ) on the 
bottom side ( b )       
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       3.    Remove the mold and pour E3 medium with 0.01 % methylene 
blue to cover the surface. Store at 4 °C ( see   Note    2  ).   

   4.    Prepare RNA by diluting as required in a mixture of Milli-Q 
water and 0.5 % phenol red ( see   Note    3  ).   

   5.    Heat RNA for 5–10 min at 65 °C and 1150 rpm in a thermo-
mixer ( see   Note    4  ). Keep RNA on ice.   

   6.    Switch on pneumatic microinjector and open the N 2  gas valve. 
The “regulator” pressure should not exceed 30 psi.   

   7.    Wipe base of stereomicroscope with 70 % ethanol and adjust 
lamp brightness as desired.   

   8.    Place needle under stereomicroscope and use the micrometer 
slide to determine the point at which the needle tip width is 
equal to 20 μm. Use tweezers to remove the excess of the 
needle that extends beyond this point.   

   9.    Use microloader pipette tips to transfer 1–2 μl of RNA into the 
cut needle.   

   10.    Position micromanipulator and mount needle half way up the 
shaft of the pressure dispenser.   

   11.    Position needle tip in a small dish of mineral oil and check 
pneumatic microinjector is set to “gated”.   

   12.    In “gated” mode apply pressure to the foot pump for 1–2 s to 
eject some RNA solution ( see   Note    5  ).   

   13.    Switch pneumatic microinjector to “timed,” switch the “range” 
to “100 ms” and the “period” to maximum “2.0” so that 
duration of ejection is 200 ms. Now, a single push of the foot 
pump will eject a single drop of RNA.   

   14.    Press down on foot pump to eject a single drop of RNA into 
the mineral oil. Use the micrometer slide to measure size of 
droplet ( see   Note    6  ).   

   15.    Adjust droplet size to 1 nl by fi rst reducing the duration of 
ejection. Lower the “period” slightly and repeat  step 15 . If 
droplet size is still too small when duration of ejection is 70 ms 
(“period” is “0.70”), use the tweezers to remove more of the 
needle tip and repeat adjustment with “period” ( see   Note    7  ). 
Once a droplet of 1 nl is obtained rest the needle in mineral oil.   

   16.    Collect fresh fertilized embryos in a plastic 10 cm dish with E3 
medium. From this point on you have ~30 min before the single 
cell of the embryo divides. Work fast ( see   Note    8  ).   

   17.    Transfer embryos to the lanes in the  microinjection   plate using 
a plastic Pasteur pipette ( see   Note    9  ).   

   18.    Under the stereomicroscope the single cell of the embryo will 
be clearly visible. Position embryo such that the cell is at the 
top ( see   Note    10  ).   
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   19.    Use micromanipulator to adjust needle position and penetrate 
through the chorion and into the cell of the embryo. Almost 
simultaneously, press the foot pump to eject some RNA into 
the cell and withdraw the needle ( see   Note    11  ).   

   20.    Move to the next embryo and repeat the  microinjection   until 
the desired number of embryos has been microinjected.   

   21.    When fi nished use a plastic Pasteur pipette and E3 medium 
with 0.01 % methylene blue to rinse the embryos into a plastic 
10 cm dish with fresh E3 medium with 0.01 % methylene blue. 
Incubate at 28.5 °C ( see   Note    12  ).   

   22.    Discard needle in sharps bin and remaining embryos in desig-
nated waste bin. Close the N 2  gas valve, switch pneumatic 
microinjector to “gated” again and use foot pump to eject 
remaining N 2  gas. Switch off pneumatic microinjector and ste-
reomicroscope light.     

 If injecting RNA encoding a fl uorescent protein, a standard 
fl uorescence microscope with appropriate fi lter can be used to visu-
ally assess success rate. It is common for protein expression to vary 
between embryos (Fig.  2 ) as each embryo is microinjected in a 
slightly different position and embryos have varying rates of protein 
synthesis, depending on health and developmental stage. Practice 
 microinjections   using mRNA encoding  Green Fluorescent Protein 
(GFP)   is convenient for evaluation of success rate. The technique 
is considered “mastered” once a success rate of 95 % or higher is 
reached.

   RNA or DNA injection into the cell at the one-cell stage of 
zebrafi sh should lead to expression in all subsequent daughter cells, 
but mosaicism is frequently observed. If RNA is microinjected at a 
late one-cell stage or whilst the fi rst cell division is in progress 

  Fig. 2    Twenty-four hour post fertilization zebrafi sh embryos, still in their chorion, 
displaying variation in GFP  protein   expression between embryos following  micro-
injection   of GFP RNA       
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mosaicism in the form of patchy expression, with only small clusters 
of cells translating the RNA, may arise (Fig.  3a ). When RNA is 
microinjected accurately there may be considerably less mosaicism 
but it will still be present (Fig.  3b ). Depending on the purpose of 
the experiment, the presence of mosaicism can offer some advan-
tages in that a comparison can be made, for example, between the 
same population of cells expressing the microinjected protein and 
those without in the same embryo.

            1.      Dechorionate   embryos using tweezers.   
   2.    Anesthetize embryos by transferring to 0.1 % MS222 in E3 

medium with 0.01 % methylene blue for 2–4 min ( see   Note    13  ).   
   3.    Place the lid of a 10 cm plastic dish over the light source of a 

stereomicroscope ( see   Note    14  ).   
   4.    Transfer one embryo at a time to surface of plastic lid in a 

droplet of 0.1 % MS222 in E3 medium with 0.01 % methylene 
blue using a plastic Pasteur pipette ( see   Note    15  ).   

   5.    Use a stainless steel surgical blade to amputate the caudal fi n of 
the embryo immediately distal to the notochord under the ste-
reomicroscope ( see   Note    16  ).   

   6.    Use a glass Pasteur pipette to transfer embryo to fresh 0.1 % 
MS222 in E3 medium with 0.01 % methylene blue ( see  
 Note    17  ).   

3.2  Regeneration 
Assay

  Fig. 3    Examples of non-ubiquitous expression following  microinjection   of RNA. ( a ) Example of patchy expres-
sion from RNA  microinjection  . An embryo microinjected with RNA encoding wild-type human Pten tagged with 
mCherry is imaged at 2dpf. Mosaic mCherry expression is found in a few clusters of cells scattered around the 
body of the embryo ( arrow heads ), suggesting RNA was not microinjected at the one-cell stage. ( b ) Example 
of mosaic expression in the trunk of an embryo at 5 days post fertilization. A transgenic embryo expressing 
 fl t4:mCit  to mark the vasculature, shown in  green , is microinjected with plasmid DNA encoding 
 prox1a:KalTA4,UAS:tagRFP,  shown in  red , at the one-cell stage. Despite accurate  microinjection   only some 
vessels express RFP ( red arrow heads ), demonstrating mosaicism.  Yellow arrow heads  show similar vessels 
without RFP expression for comparison       
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   7.    Capture wound margin of amputated caudal fi n using a stereo-
microscope with an attached camera ( see   Note    18  ).   

   8.    Wash embryo in fresh E3 medium.   
   9.    Use a glass Pasteur pipette to transfer embryo to a well in a 

multi-well plate containing fresh E3 medium with 0.01 % 
methylene blue ( see   Note    19  ).   

   10.    Repeat  steps 4 – 9  until multi-well plates of both amputated 
and uncut controls are fi lled. Incubate embryos at 28.5 °C for 
3 days ( see   Note    20  ).   

   11.    Prepare 0.2 % MS222 in E3 medium by mixing half volume 
0.4 % MS222 and half volume E3 medium. Use a plastic 
Pasteur pipette to add three to four droplets of 0.2 % MS222 in 
E3 medium to each well.   

   12.    Use a glass Pasteur pipette to transfer one embryo per time to 
a 10 cm plate containing fresh 0.1 % MS222 in E3 medium 
with 0.01 % methylene blue.   

   13.    Capture size of caudal fi n using a stereomicroscope with an 
attached camera ( see   Note    21  ).   

   14.    Repeat  steps 12 – 13  until all embryos of multi-well plates for 
both amputated and uncut controls have been imaged.     

 The images captured at 2 and 5 days post fertilization are of 
uncut controls and amputated embryos (Fig.  4 ). The change in 

  Fig. 4    Bright-fi eld images of the caudal fi n of zebrafi sh embryos. Fin margins are 
captured at 48 h post fertilization ( a  and  c ), and again at 5 days post fertilization 
( b  and  d ), of uncut controls ( a  and  b ) and embryos amputated adjacent to the 
notochord ( c  and  d ). Scale bar is equivalent for all panels       
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caudal fi n length after 3 days is calculated by subtracting the length 
of the fi n from the tip of the notochord at day 5 from that at day 2 
for each embryo. This is easily quantifi ed using the measure tool in 
ImageJ and the difference calculated is a measure of regenerative 
outgrowth. 

            1.    Dechorionate embryos using tweezers ( see   Note    22  ).   
   2.    Transfer embryos to a 1.5 ml tube, 96-well plate or similar. 

Remove as much system water or E3 medium as possible.   
   3.    Prepare Ginzburg fi sh Ringers solution by adding protease and 

 phosphatase   inhibitors (10 μl/ml sodium fl uoride, 5 μl/ml 
beta-glycerophosphate, 5 μl/ml sodium orthovanadate, 1 μl/
ml aprotinin, 1 μl/ml leupeptin) and add suffi cient volume to 
the embryos to allow repeated pipetting with a P200 tip 
(~600 μm wide).   

   4.    Repeatedly pipette up and down in a gentle steady motion or 
invert regularly. Do not create air bubbles. Alternatively, place 
multiple embryos in a well of a 6-well plate fi lled with Ginzburg 
fi sh Ringers solution and place plate on a thermomixer set to 
28.5 °C and 400–800 rpm for 30–45 min ( see   Note    23  ).   

   5.    Wash deyolked embryos with fresh Ginzburg fi sh Ringers solu-
tion and transfer to chosen vessel (1.5 ml tube or 96-well 
plate).   

   6.    Centrifuge briefl y at 4 °C to collect embryos at bottom of tube 
or well.   

   7.    Aspirate Ginzburg fi sh Ringers solution and snap-freeze 
embryos in liquid nitrogen ( see   Note    24  ).   

   8.    Defrost frozen tissue on ice.   
   9.    Prepare chosen lysis buffer by adding protease  and   phospha-

tase inhibitors (10 μl/ml Sodium Fluoride, 5 μl/ml beta- 
Glycerophosphate, 5 μl/ml Sodium Orthovanadate, 1 μl/ml 
Aprotinin, 1 μl/ml Leupeptin) and add volume according to 
age (Table  1 ).

       Next, there are three homogenization options available for 
proceeding with tissue lysis; the steps required for homogenization 
using a mini-pestle (A), a syringe and needle (B), or sonication 
(C), are described below.

    A.    Mini-pestle homogenization (1.5 ml tubes only):
   10A.    Quickly, with the tissue still frozen, start applying pres-

sure using a mini-pestle that fi ts in a 1.5 ml tube ( see  
 Note    25  ).   

  11A.    Withdraw pestle and use a pipette to wash head of pestle 
to maximize amount of lysate collected.   

3.3  Tissue Lysis 
for Protein Extraction
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  12A.    Clean pestle by rinsing with 70 % ethanol followed by 
water and repeat  steps 10  and  11  for each sample.   

  13A.    Rest on ice.       
   B.    Syringe and needle homogenization:

   10B.    Wait for tissue to defrost in lysis buffer.   
  11B.    Attach a sterile needle, width 0.2–0.8 mm, to a 1 ml 

syringe. No larger than 0.2 mm is highly recommended 
for 24 h post fertilization (hpf).   

  12B.    Aspirate and dispense suspension repeatedly until tissue 
has been completely sheared ( see   Note    26  ).   

  13B.    Rest on ice.       
   C.    Sonication homogenization:

   10C.    Wait for tissue to defrost in lysis buffer.   
  11C.    Incubate on ice for 30 min.   
  12C.    Sonicate at “high” intensity for 10–15 min with a 

repeated cycle of 30 s ON, followed by 30 s OFF.   
  13C.    Rest on ice.        

    14.    Once homogenized with the chosen method centrifuge samples 
at 17,970 rcf and 4 °C for 20 min.   

   15.    Transfer supernatant to a fresh tube or plate and discard the 
pellet. Can store supernatant at −80 °C at this point if required.   

   16.    Mix equal volume lysate and 2× Laemmli buffer.   
   17.    Boil samples for 5–10 min ( see   Note    27  ).   
   18.    Store at −20 °C or continue loading samples onto an SDS gel.    

  Please note that there are many variations on the deyolking and 
homogenization procedures. For example, deyolking can be carried 
out  after  mini-pestle homogenization by centrifuging lysate and 
resuspending the pellet in Ginzburg fi sh Ringers solution. The 
sample is then centrifuged again to remove the Ginzburg fi sh Ringers 

   Table 1  
  Volume of lysis buffer to be used per embryo of the indicated age   

 Tissue age  Volume lysis buffer 

 <24 hpf  1 μl/embryo 

 24–48 hpf  1–2 μl/embryo 

 48–96 hpf  2–5 μl/embryo 

 >96 hpf  >5 μl/embryo 

 Adult fi n clips  >10 μl 
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solution and resuspended in 1× sample buffer (created by mixing 
equal volumes of chosen lysis buffer and 2× Laemmli buffer). 
This way the deyolking procedure is more convenient but a possible 
consequence is greater variation in protein concentration between 
samples as some lysed protein may have been lost in the multiple 
centrifugations where supernatants are discarded. Another alterna-
tive is to only disrupt the integrity of the embryos a little using 
mini-pestle homogenization and follow that with sonication to 
achieve more effi cient lysis. One’s choice will be determined by a 
combination of purpose for the lysate, embryo age, and, ultimately, 
experience. 

 Preparation of zebrafi sh embryo lysates requires more dili-
gence than for cell lysates. This is partly due to the high protein 
content compared to cultured cells, resulting in the bands being 
“fatter” and more “smiley” (Fig.  5 ). This can also cause protein 
bands to run slightly slower, but offsets size estimation by no more 
than 5 kDa. The right combination of deyolking, lysis buffer and 
homogenization optimizes the result. For example, embryos can 
be lysed in RIPA buffer prepared for SDS-PAGE using mini-pestle 
homogenization without dechorionating and deyolking (Fig.  6a ). 
But when embryos are dechorionated, deyolked, lysed using 
degassed lysis buffer and prepared for SDS-PAGE using  mini- pestle 
homogenization the result is less yield but almost as clean as that 
obtained from pure cell lysate (Fig.  6b ). Then again, Fig.  6b  clearly 
shows that deyolking can lead to unequal protein concentration 
between samples, as a result of both the lysate that remains on the 
head of the pestle and the centrifugation step required.

  Fig. 5    Coomassie stain of PVDF membrane showing differences between HEK 
293T cells lysed with RIPA buffer ( lanes 2 – 4 ) and zebrafi sh embryos lysed with 
RIPA buffer and subjected to mini-pestle homogenization ( lanes 5  and  6 ). A typical 
experiment comparing non-transfected (Unt) and transfected (Tfx) HEK 293T cells 
with non-injected control (NIC) and microinjected (MI) zebrafi sh embryo samples 
(7.5 embryo equivalents per lane).  Lane 1  contains a molecular weight marker       
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4                                    Notes 

     1.    The plastic mold is embossed with ramps with a 45° beveled 
side (Fig.  1b ). This aids  microinjection   as the embryo will be 
pushed into the corner of the lane, allowing the needle to more 
easily penetrate the chorion and yolk or cell.   

   2.    The agarose  microinjection   plates will keep for 1–2 weeks, after 
which molds will begin to grow and the borders of the lanes 
begin to soften and break. The molds do not interfere with the 
embryos as long as the embryos are washed afterwards but the 
breaks in the lanes can inconvenience injections.   

   3.    In general not more than 500 pg of RNA is injected in zebraf-
ish embryos (this is achieved using 1 nl of RNA at 500 ng/μl). 
The phenol red is only used as a dye to observe successful 
injection (once competent this aid is no longer required), and 
1 μl for every 15 μl is more than suffi cient.   

   4.    Heating the RNA removes secondary structures such as hair- 
pin loops. This ensures that most of the RNA injected is avail-
able for translation and ultimately increases the effi ciency of 
 microinjection  . This step is not necessary if injecting DNA.   

   5.    This action removes air bubbles from the RNA. The RNA is 
now under pressure. If “hold” pressure is too great the RNA 
will now begin to leak from the needle tip, adjust if necessary.   

  Fig. 6    Coomassie stains of PVDF membranes containing zebrafi sh embryo samples. 
( a ) Samples, not dechorionated or deyolked, lysed in RIPA buffer and subjected 
to mini-pestle homogenization (5 embryo equivalents per lane). Zebrafi sh 
embryos were lysed at 6, 24, and 48 h post fertilization (hpf). Notice how “fat” 
and “smiley” the bands are. ( b ) Samples after dechorionating, deyolking, lysed in 
degassed lysis buffer and subjected to mini-pestle homogenization (1 embryo 
per lane). Zebrafi sh embryos were lysed at 48 hpf. Notice that the protein content 
is considerably less, but that the lysate profi le is more “clean” and similar to that 
of the cell lysates seen in Fig.  5 . A typical experiment with six different conditions 
is depicted.  Lane 1  in ( a ) and ( b ) contains a molecular weight marker       

 

Alexander James Hale and Jeroen den Hertog



367

   6.    Calibration of the RNA droplet to 1 nl is measured using a 
0.01 mm micrometer slide. Briefl y, according to  V  = 4/3 πr  3 , a 
droplet of 1 nl has a radius of 62 μm and the diameter is hence 
124 μm. The micrometer slide has divisions of 10 μm; meaning 
1 nl is equivalent to 12 divisions. The needle width is measured 
to approximately 20 μm wide prior to mounting and the width 
of each new needle then needs to be adjusted to create a 1 nl 
droplet using the micrometer slide to calibrate.   

   7.    Duration of ejection MUST NOT be <70 ms (“period” not 
<0.70) as this results in ejection of unreliable droplet size with 
repeated injections. If needle tip is shortened too much, a new 
needle will have to be prepared. Resting the needle tip in min-
eral oil avoids RNA drying up and forming a plaque that blocks 
the ejection of RNA. If, despite best efforts, the needle does 
become blocked there are two options; switch the pneumatic 
pump back to “gated” and try to fl ush the plaque off, or if the 
duration of ejection is still set relatively high (>100 ms for 
example) remove the tip of the needle with the tweezers and 
recalibrate droplet size using the micrometer slide and reduc-
ing the duration of ejection by lowering the “period.”   

   8.    If too much time is lost and RNA is microinjected at the two- cell 
stage, the mosaicism that arises will be considerable (Fig.  3a ).   

   9.    Under the stereomicroscope the lanes will be clearly visible. 
Use a truncated microloader pipette tip to position embryos in 
the lanes. At this point it is prudent to eject a single RNA 
droplet and check it is still 1 nl on the micrometer slide. It is 
good to do this before every round of microinjecting as well in 
case the yolk from the embryos microinjected in the previous 
round has blocked the needle and causes <1 nl to be ejected in 
subsequent rounds of microinjecting.   

   10.    Bright fi eld is usually suffi cient for identifying the cell and micro-
injecting but Nomarski optics can be used to improve contrast 
between the yolk and the transparent cell of the zebrafi sh embryo.   

   11.    This movement is extremely fl uid such that it is one move, 
once competent a rate of >50 embryos per minute is achiev-
able. If the cell is missed and instead the RNA is deposited into 
the yolk of the embryo, then continue. During development 
most of the RNA from the yolk will be taken up into the cell. 
Especially when learning the technique the fi rst few times it is 
easier to aim right under the cell, providing a wider target area, 
as the RNA will be taken up within minutes following injection 
through cytoplasmic streaming. If injecting DNA be aware 
that DNA is a considerably larger molecule and is therefore 
barely taken up through cytoplasmic streaming!   

   12.    If development needs to be accelerated or decelerated for any 
reason then incubate at maximum 31 °C (faster development) 
or minimum 21.5 °C (slower development), respectively.   
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   13.    MS222 is sensitive to light and loses potency with time. For this 
reason, I often wrap the plastic dish with 0.1 % MS222 in E3 
medium 0.01 % methylene blue in aluminum foil when intending 
to amputate many embryos.   

   14.    Preferably cut on the lid so that the rim does not obstruct the 
motion of incision. The plastic will not break. A microscope 
with a small base is preferable as it provides free vertical move-
ment of the arm when performing amputations.   

   15.    In parallel I usually transfer an uncut control embryo to the 
plastic 10 cm dish with fresh 0.1 % MS222 in E3 medium with 
0.01 % methylene blue mentioned in  step 6 .   

   16.    The main focus area for improvement in this technique is 
accuracy to perform the amputation as close to the notochord 
as possible without damaging the notochord. The notochord 
does not regenerate, hence if nicked or amputated the embryo 
will die. Also, avoiding tearing of the fi n tissue by pulling the 
surgical blade away from wound margin is desirable to sim-
plify the analysis of regenerative outgrowth. The optimal inci-
sion motion is made using downward pressure to sever the 
caudal fi n tissue and not slicing towards you, as this can create 
a pulling force on the fi n tissue and lead to a sheared fi n instead 
of a clean cut.   

   17.    Preferably use a glass Pasteur pipette from this point forward as 
the amputated caudal fi n readily sticks to plastic, causing dam-
age to the caudal fi n.   

   18.    Use microloader pipette tips to position embryo with the pos-
terior end fl at on the bottom of the plastic dish. Nomarski 
optics can be used to improve contrast of the transparent cau-
dal fi n of the zebrafi sh embryo. For comparing different 
embryos it is paramount to use the same zoom settings on the 
stereomicroscope. Using the abovementioned Leica setup 
there is enough space to take a picture of both the amputated 
embryo and the uncut control in the same image.   

   19.    Smaller than a 24-well plate is not recommended as the 
embryos have insuffi cient space to grow.   

   20.    By performing the assay this way each uncut control is near 
enough at the same developmental stage as the amputated 
embryos and changes in embryonic growth rate can be 
accounted for.   

   21.    The caudal fi n of 5 dpf embryos is substantially bigger than at 
2 dpf. Hence, each embryo for both amputated and uncut 
controls requires a separate image.   

   22.    The chorion contains maternal DNA and proteins; this needs 
to be removed for accurate estimation of embryonic protein 
content.   
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   23.    The temperature is simply set to a comfortable temperature in 
which the embryo will survive. If using a 1.5 ml tube or multi- 
well plate it is easy to look under a standard stereomicroscope to 
check how much of the yolk has dissociated from the embryo.   

   24.    If not deyolking, any excess system water or E3 medium can be 
removed from fi n-clips or embryos respectively and directly 
subjected to snap-freezing in liquid nitrogen. By snap-freezing 
the tissue becomes more brittle, increasing homogenization 
effi ciency. Can store tissue at this point at −80 °C.   

   25.    Accompany a fi rm up-down motion with a gentle rotation for 
maximum effi ciency. The tissue will shear. When removing the 
pestle some buffer or tissue may adhere to the head.   

   26.    Creating air bubbles is practically unavoidable with this method 
but if the appropriate needle is used the tissue will be better 
sheared than it would have been with a mini-pestle. A small 
amount of suspension is always lost in the tip of the syringe 
which cannot be dispensed.   

   27.    This removes quaternary and tertiary structures of proteins. 
Take into consideration that, after preparation with sample 
buffer and boiling, the sample may be very viscous, especially 
if little lysis buffer is used for many embryos. Upon such an 
occurrence the sample usually needs to be diluted with more 
sample buffer for accurate loading to be feasible. It is therefore 
very important to follow the guidelines set out in  step 9  to 
avoid this complication.         
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    Chapter 20   

 Live Staining of  Drosophila  Embryos with RPTP Fusion 
Proteins to Detect and Characterize Expression 
of Cell- Surface RPTP Ligands                     

     Namrata     Bali    ,     Hyung-Kook     (Peter)     Lee    , and     Kai     Zinn      

  Abstract 

   The activity and/or localization of receptor tyrosine kinases and phosphatases are controlled by binding to 
cell-surface or secreted ligands. Identifi cation of ligands for receptor tyrosine phosphatases (RPTPs) is 
essential for understanding their in vivo functions during development and disease. Here we describe a 
novel in vivo method to identify ligands and binding partners for RPTPs by staining live-dissected 
 Drosophila  embryos. Live dissected embryos are incubated with RPTP fusion proteins to detect ligand 
binding in embryos. This method can be streamlined to perform large-scale screens for ligands as well as 
to search for embryonic phenotypes.  

  Key words     Receptor tyrosine phosphatases  ,   Live dissection  ,   Fusion proteins  ,   Ligand screening  , 
  Schneider cells  

1      Introduction 

     Receptor tyrosine phosphatases (RPTPs)   are  transmembrane 
   receptor   proteins that reverse reactions catalyzed by  tyrosine 
kinases  .  Phosphotyrosine   signaling is essential for cell-cell com-
munication in all metazoans [ 1 ]. We know a great deal about 
interactions of ligands with  receptor tyrosine kinases  , but rela-
tively little about ligands for RPTPs. For example, of the six 
 Drosophila  RPTPs ( Ptp10D ,  Ptp69D ,  Ptp99A ,  Ptp4E ,  PTP52F , 
and  Lar ) ligands and/or co-receptors have only been described 
for Ptp10D and Lar [ 2 – 4 ]. 

 The fi rst reported screen for  Drosophila  RPTP ligands was con-
ducted by our group in 2002–2005 using live embryo staining 
with RPTP  fusion proteins  . This was a screen of a genome-wide 
collection of deletion mutations, called defi ciencies ( Dfs ). It identi-
fi ed a deletion that eliminated a portion of the staining pattern 
observed with Lar  fusion proteins  , and we found that the respon-
sible gene within the deletion was  Syndecan  ( Sdc ), which encodes 
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a heparan sulfate proteoglycan [ 2 ]. This screen did not identify 
ligands for other RPTPs. Data from the ectopic expression screen 
described below suggested that this is because each RPTP binds to 
multiple ligands that are expressed in overlapping patterns. 

 More recently, we conducted an ectopic expression screen for 
RPTP ligands using live embryo staining and identifi ed an in vivo 
ligand for Ptp10D, Stranded at second (Sas). This screen also identi-
fi ed several other candidate Ptp10D ligands [ 4 ], in addition to can-
didate ligands for Lar, Ptp69D, and Ptp99A (unpublished results). 
In the ectopic expression screen, 311 fl y lines with “UAS”-containing 
insertion elements (“EP-like elements”) upstream of genes encod-
ing cell surface and secreted (CSS) proteins were screened by driv-
ing ectopic expression of each individual CSS protein using a 
pancellular (Tubulin-GAL4) driver. The available EP insertions 
covered 30–40 % of all CSS proteins, and the screen identifi ed more 
than 20 candidate RPTP ligands, implying that there might be 
50–60 proteins encoded in the genome that can bind to these four 
RPTPs in this assay. Our data also suggest that new ligands for ver-
tebrate RPTPs can be identifi ed by characterizing ligands that bind 
to their  Drosophila  orthologs (unpublished results). 

 For all of these screens, the extracellular domain (XCD) of an 
RPTP (or other cell surface protein) was fused to multimeric 
human placental  alkaline phosphatase (AP)   constructs to create 
RPTP-AP  fusion proteins  . These were expressed using baculovirus 
or  Drosophila  Schneider 2 cell (S2) systems, and the supernatant 
from infected or transfected cells was used directly for binding to 
live-dissected embryos. Dissected, unfi xed embryos must be used 
because the  fusion proteins   cannot penetrate the vitelline mem-
brane, and fi xation destroys binding. Results from such screens can 
be confi rmed by performing “reverse-binding” experiments. In 
these experiments, the RPTP is ectopically expressed in embryos 
using the GAL4 system and the embryos are incubated with candi-
date CSS ligand- AP    fusion proteins   to detect ectopic binding [ 4 ]. 
If specifi c binding patterns are observed in both the forward and 
reverse directions, this proves that the CSS protein can bind to the 
RPTP. However, it does not show that it can bind without addi-
tional cofactors that might be expressed in the embryo. For Sdc 
and Sas, we were able to show that they could bind to Lar and 
Ptp10D, respectively, in the absence of additional cofactors by per-
forming in vitro binding studies [ 2 ,  4 ]. 

 Here, we describe in detail live embryo  dissections   in  Drosophila  
as a technique to detect ligands for RPTPs and other orphan 
receptors. Briefl y, stage 16  Drosophila  embryos are collected and 
dechorionated, followed by  dissection   with a glass needle on a slide 
( see  Fig.  1  for staging criteria). Dissected embryos are then incu-
bated with dimeric or pentameric RPTP- AP    fusion proteins   (or 
other CSS-AP  fusion proteins  ), followed by fi xation and anti-AP 
antibody staining to visualize bound  AP    fusion proteins  . If a strong 
staining pattern such as those shown in Fig.  2  and in refs.  2 ,  4 ,  5  is 
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  Fig. 1    Gut morphology in different stages of  Drosophila  embryos. The gut appears like a blob at early stage 
13–14. A fi ssure appears in the gut and it starts to separate into bands at early stage 15. By stage 16, the gut 
has clearly divided into three distinct bands ( arrows ). This is the ideal stage for  dissection  . As the embryos age 
to stage 17–18, the gut forms spirals and the embryos can no longer be properly dissected       

  Fig. 2    Dissected and stained  Drosophila  stage 16 embryos. ( a ) A live dissected stage 16 embryo incubated 
with PTP69D-AP  fusion protein   and stained with anti-AP ( red ,  b ) and mAb 1D4 ( green ,  c ) antibodies. PTP69D-AP 
fusion protein binds specifi cally to longitudinal and commissural axon tracts in the ventral nerve cord ( arrow  
in  b ) and also shows strong binding in the brain ( arrowhead  in  b ). ( d ) A live dissected stage 16 embryo 
incubated with cDIP-AP  fusion protein   and stained with anti-AP ( red ,  e ) and anti-Repo ( green ,  f ). cDIP is a cell 
surface protein and shows binding to CNS axons ( arrowhead  in  e ) and motor axons ( arrow  in  e )       
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observed, this can be used as the basis for a  Df , ectopic expression, 
or candidate gene screen to molecularly identify the responsible 
ligand(s). In the protocol below, we describe methods for express-
ing pentamerized  AP    fusion proteins   in S2 cells, which is the easiest 
method. If adequate expression levels cannot be obtained in this 
system, it may be necessary to express the  fusion proteins   using bac-
ulovirus systems. The protocol for live embryo  dissection   and stain-
ing can be streamlined for many other applications including 
screening for embryonic phenotypes [ 5 ]. This live  dissection   tech-
nique is much faster than fi xed embryo  dissections   for the purpose 
of  screening   for phenotypes as fi xed embryo  dissections   take much 
longer than live  dissections  . Moreover,  AP    fusion protein   staining 
can also be performed on third instar larvae to study ligand binding 
patterns of CSS proteins at later developmental stages ( see   Note    1  ).

2        Materials 

     1.    Egg collection chambers: Arrange fi ve 50 ml conical tubes 
upside down on a 100 × 15 mm plastic petri dish and glue them 
together using silicon rubber adhesive sealant. Then, glue the 
lid of the petri dish to the conical ends of the tubes to create a 
‘Five-barrel’ chamber. Make holes in each tube using a hot 
needle for air circulation ( see   Note    2  ).   

   2.    Egg collection plates: Make 1 % grape agar gel by fi rst mixing 
50 g Bacto-Agar in 1.5 L distilled water. Secondly, add 177 ml 
frozen grape juice concentrate ( see   Note    3  ) and 25 g sucrose 
to 500 ml water. Autoclave both solutions separately for 
45 min. Remove both solutions from autoclave and cool to 
approximately 60 °C. Mix the Bacto-Agar solution with the 
grape juice solution. Add 30 ml 10 % Nipagin ( p - hydroxybenzoic 
acid methyl ester) and 0.4 g Streptomycin sulfate to the mixed 
solution. Pour 10–11 ml of grape agar gel in each 100 × 15 ml 
plastic petri dish and let solidify ( see   Note    4  ). Store upside 
down sealed at 4 °C.   

   3.     AP    fusion proteins  : Clone the extracellular domains (XCD) of 
desired proteins into an expression vector containing a pen-
tamerization sequence and a human placental  alkaline phos-
phatase (AP)   tag [ 6 ]. Plasmid containing the XCD domain 
fused to AP  tag   can be transfected into  Schneider cells   (S2 
cells). We use the Effectene  transfection   reagent to routinely 
transfect DNA into S2 cells with good yields of  fusion protein   
in the supernatant. Collect the supernatant from transfected 
cells 2–3 days after  transfection   and concentrate the 1×  fusion 
proteins   up to 5× using Amicon Ultra-15 Centrifugal Filter 
Units. Store the  fusion proteins   at −80 °C for long term stor-
age and at 4 °C for immediate use.   
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   4.    Dry  yeast  .   
   5.    Superfrost Plus Micro slides.   
   6.    Double-sided scotch tape.   
   7.    Hydrophobic barrier pen.   
   8.    Pulled glass needle for  dissection  : Pre-pulled glass microcapil-

lary needles are available commercially. Alternately, glass capil-
lary tubes can be bought and pulled individually. The glass 
capillary tubes have a 1 mm outer diameter and 0.6 mm inter-
nal diameter.   

   9.     Phosphate   buffered saline (PBS, 10×): Add 80 g NaCl, 25.6 g 
Na 2 HPO 4 ·7H 2 O, 2 g KCl, and 2 g KH 2 PO 4  to 800 ml water. 
Bring fi nal volume up to 1 L with water and adjust pH to 7.4. 
Autoclave for 45 min. Store at room temperature.   

   10.    PBT: PBS containing 0.05 % Triton X-100 and 1 % bovine 
serum albumin (BSA) ( see   Note    5  ).   

   11.    20 % paraformaldehyde.   
   12.    Fix solution: 4 % paraformaldehyde in 1× PBS ( see   Note    6  ).   
   13.    Normal goat serum.   
   14.    Blocking buffer: PBT containing 5 % normal goat serum ( see  

 Note    7  ). Store at 4 °C.   
   15.    Rabbit anti-human placental alkaline  phosphatase   antibody.   
   16.    Goat anti-Rabbit IgG (H + L) Secondary Antibody, Alexa 

Fluor 568.   
   17.    Antifade mounting medium.   
   18.    Rectangular glass coverslips: #1 thickness, 22 mm × 40 mm.   
   19.    Clear nail polish.      

3    Methods 

 All procedures are carried out at room temperature unless specifi ed 
otherwise. Ref. [ 7 ] contains a video demonstration of the live 
embryo  dissection   process and staining of embryos. 

       1.    Set up a cross using >50 virgins and >20 males and transfer the 
fl ies to one chamber of the fi ve-barrel chamber. Label each 
barrel carefully with the correct genotype of the cross. Egg col-
lection plates are used as the lid of the fi ve-barrel chamber. Put 
a small amount of  yeast   paste at fi ve spots on an egg collection 
plate in the center of each chamber. Cover the fi ve-barrel cham-
ber with the egg collection plate and gently press down. Tape 
the chamber and grape plate together using lab labeling tape. 
Flies in the fi ve-barrel chamber should be incubated at 18 °C to 
prolong lifespan ( see   Note    8  ).   

3.1  Preparation 
of Flies and Embryo 
Collection

Detecting RPTP Ligand Expression Patterns in Drosophila 



378

   2.    Use a fresh egg collection plate for each embryo collection. 
Put a very small amount of  yeast   paste on an egg collection 
plate in the center of each chamber. While holding the old 
plate on top of chamber carefully, gently tap the whole cham-
ber down to tap down the fl ies. Tap fl ies down a few times and 
replace the old plate with the new egg collection plate.   

   3.    Incubate the fl ies at room temperature for 2–4 h to allow 
suffi cient embryos to accumulate on the plate. Replace the egg 
collection plate with a new one and return fl ies to 18 °C. Place 
a Whatman fi lter paper inside the lid of the grape plate and add 
enough water to completely soak it. Cover the egg collection 
plate with the lid and incubate at 18 °C overnight.   

   4.    Change the grape plate of the chamber every day even if not 
collecting embryos ( see   Note    9  ).      

       1.    Embryos are best suited for live  dissections   at stage 16 (Fig.  1 ) 
as the CNS can be fully visualized at that stage. It becomes 
harder to dissect stage 17 embryos as their outer chorion 
becomes tougher and we have found that stage 17 embryos do 
not stick well to the glass slide. Incubate embryos at 18 °C for 
~22 h after collection to get stage 15 embryos. For studies 
using the UAS/GAL4 system, incubate embryos at 18 °C for 
~20 h. Transfer embryos to a 29 °C incubator for 1–2 h to 
activate the UAS/GAL4 system.   

   2.     GFP   balancers are used to differentiate between different gen-
otypes in a line or a cross. We use CyO arm- GFP   as the second 
chromosome balancer, TM3 arm-GFP as third chromosome 
balancer and FM7 Kr-GAL4, UAS-GFP as the X chromosome 
balancer.  GFP   negative embryos are used to select homozy-
gotes.  GFP   sorting is done under a  GFP   dissecting microscope 
where embryos are sorted and dechorionated at the same time.   

   3.    Embryos are sorted using gut morphology around stages 14–16. 
The gut has autofl uorescence under the  GFP   microscope and is 
visible as white and opaque under normal white light if using a 
regular dissecting microscope. At stage 16 the gut appears as 
three distinct bands. At earlier stages the gut looks like a single 
blob. This is closer to stage 14. As aging progresses from stage 
14 to 16, the gut can be seen separating into bands. At stage 15 
the gut has started to divide into bands, but the bands are not 
completely separate from each other. It is best to sort embryos 
and dechorionate them between stages 14 and 15, so that as 
soon as they reach the three band gut stage (stage 16) they are 
ready for  dissections   (Fig.  1 ) ( see   Note    10  ).      

       1.    Stick a long  piece   of double-sided sticky tape on a regular glass 
slide and place small pieces of grape plate agar slabs beside the 
sticky tape. Dechorionated embryos are placed on the agar slab 
for aging.   

3.2  Aging Embryos, 
Sorting, and Staging

3.3  Embryo 
Dechorionation 
and Preparation 
for Dissection
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   2.    Transfer the collected embryos from the egg collection plate to 
the sticky tape on the slide using a fi ne paint brush. Wet the 
brush a little and spread the embryos evenly across the sticky 
tape. Break up any large embryo clusters gently using the brush.   

   3.    Dechorionate the embryos on the double sided tape by gently 
rolling them on the tape using a blunted dissecting needle 
( see   Note    11  ). Pick up the dechorionated embryos with the 
needle and place them gently on the agar slab beside the tape.   

   4.    Dechorionate ~100 embryos so that there will be enough 
embryos of the right age at the time of  dissection  . Sort the 
dechorionated embryos according to age and place stage 16 
embryos on a new agar slab. Place the embryos dorsal side 
down against the agar slab with their posterior ends facing 
toward you. Arrange the embryos in a row of fi ve to ten 
embryos per genotype ( see   Note    12  ).   

   5.    Prepare a super-frost plus slide for live  dissection   as follows. 
Cut a small piece of double-sided sticky tape (the size of the 
tape should be suffi cient to accommodate the rows of embryos). 
Place the piece of sticky tape near one end of the super-frost 
plus slide.   

   6.    Draw a rectangle around the sticky tape using a wax pen. We 
have found the ImmEdge hydrophobic barrier pen to be best 
suited for detergent-based washes during the immunohisto-
chemistry steps. The rectangle should be big enough to allow 
 dissection   of all embryos on the agar slab. Sometimes a slightly 
larger rectangle can be drawn to allow more space option for 
embryos that do not stick very well.   

   7.    Transfer the aligned embryos from the agar slab to the piece of 
sticky tape on the super-frost plus slide by gently lowering the 
tape on the slide over the embryos on the agar slab. The 
embryos now will be dorsal side up on the slide.   

   8.    Add cold 1× PBS on top of the embryos. The wax rectangle will 
help to retain the PBS within the boundaries of the wax seal.      

       1.     A pulled  glass   dissection needle is used for the actual  dissec-
tions  . Make a superfi cial cut in the embryo along the dorsal 
midline starting from the posterior end of the embryo going 
all the way to the anterior end. This will rip open the interior 
vitelline membrane.   

   2.    Poke the anterior end of the embryo with the needle and gen-
tly lift it up, keeping the embryo submerged in the PBS at all 
times. Transfer the embryo to one corner of the slide surface. 
A stage 16 embryo should stick to the slide surface easily. 
Using this same technique transfer all embryos from the tape 
to the slide surface in the same order as on the tape. Take extra 
caution to keep embryos arranged properly in neat rows to 
avoid confusion about the genotype of the embryos later on.   

3.4  Embryo Live 
Dissection: See Ref. 
[ 7 ] for a Video 
Demonstration 
of the Live Embryo 
Dissection Process
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   3.    Once all embryos have been transferred to the slide surface, start 
dissecting the embryos one by one using the same glass needle. 
The cut made in the embryo in  step 1  should also cut open the 
embryo to separate the two sides of the body wall. However, 
this is not always the case. In this scenario, make another shallow 
cut along the dorsal midline starting at the posterior end. The 
two ends of the body wall should now be separate.   

   4.    Gently paste the body wall fl aps onto the slide on both sides. 
Make sure to not stretch the body wall or remove material 
from the surface. The best way to ensure least damage to the 
embryo is by only touching the anterior and posterior ends of 
the body walls and only at the dorsal-most edges since motor 
axons do not extend this far dorsally.   

   5.    Fillet all embryos in this manner while leaving the gut intact on 
top of the ventral nerve cord. Once all embryos have been “fi l-
leted”, begin to remove the gut from all embryos one by one 
( see   Note    13  ). Make a cut where the hindgut is attached to the 
body wall. The gut can now be removed from the embryo in 
one of two ways. The gut can either be completely removed 
from the embryo by cutting the foregut which lies under the 
brain lobes, which would result in a free-fl oating gut which can 
be transferred back to the sticky tape to get it out of the way of 
other embryos. Alternately the gut can be simply displaced 
beside the embryo by pulling it away from the embryo toward 
the anterior end and sticking it on the slide. The foregut will 
stay attached to the embryo but this will not interfere with the 
staining of the embryos.       

       1.    After  dissection  , embryos are incubated  with   AP  fusion proteins 
  for 2 h. This is done before fi xation. We typically use AP  fusion 
proteins   at 5× concentration if made using transfected 
Schneider (S2) cells. However the ideal concentration for 
optimal  signal to noise ratio of the fusion protein binding 
signal should be titrated and optimized for  individual   AP 
 fusion proteins  . Weakly expressed  fusion proteins   will need to 
be used at a higher concentration (~5×) compared to strongly 
expressed ones.   

   2.    Remove the sticky tape from the slide using a blunt-ended 
forceps and discard. Remove as much PBS as possible using a 
P200 pipette tip ( see   Note    14  ). Add 150–200 μl  AP    fusion 
protein  , depending upon the size of the rectangle containing 
the dissected embryos.   

   3.    Incubate at room temperature in a covered and humidifi ed 
chamber for 2 h.   

   4.    Prepare fresh fi x solution (4 % PFA in PBS) and replace  the   AP 
 fusion protein   with the fi x. Wash using the fi x fi ve times, using 

3.5  Fixation and 
Immunohisto-
chemistry
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1 ml fi x per wash to a total of 5 ml fi x per slide. Use a pipette 
tip fi tted at the end of a vacuum to remove solutions from the 
slide. A waste receptacle is attached to the end of the vacuum to 
collect solutions as they are removed from the slide. Fix embryos 
for 30 min. Again, take care to not expose the embryos to the 
meniscus of solutions. Keep embryos submerged in solution at 
all times.   

   5.    Remove fi x solution and replace with PBS. Wash three times 
with PBS, using 1 ml PBS per wash. Let the embryos sit in PBS 
for 5 min.   

   6.    Replace PBS with PBT. Wash three times, using 1 ml per wash. 
Let embryos sit in PBT 5 min.   

   7.    Once the embryos have come into contact with detergent in 
the PBT, embryos become less sensitive to the meniscus and 
solutions containing detergent (PBT, Block and antibody solu-
tions) can be removed from the slide by blotting off with a 
Kimwipes. Place a folded Kimwipes at the edge of the wax seal 
and gently tip the slide over the Kimwipes. This will remove 
most of the solution from the slide and minimize carryover of 
solutions from a previous step.   

   8.    Replace PBT with Block, by removing the PBT as described in 
 step 7 . Use ~200 μl Block per slide. Incubate in Block at least 
30 min, up to 1 h. Additional blocking over an h does not 
seem to enhance signal to noise ratio.   

   9.    Replace Block with desired primary antibody in Block solu-
tion. Remove Block using Kimwipes method ( see   step 7 ) and 
add ~200 μl primary antibody solution. Incubate in primary 
antibody overnight at 4 °C.   

   10.    Next day, wash three times with PBT. Each wash should 
include four changes of PBT, 1 ml per change for a total of 
4 ml per wash.   

   11.    Replace last wash solution with secondary antibody in Block. 
Add ~200 μl secondary antibody solution and incubate at 
room temperature for 2 h.   

   12.    Wash three times with PBT, similar to  step 10 .   
   13.    Replace the last PBT wash with PBS. Wash with PBS two 

times, each wash with four changes of PBS, 1 ml per change. 
Incubate in the last PBS wash for 10 min.   

   14.    Remove as much PBS as possible using a P200 pipette tip. Add 
~40 μl Vectashield mounting medium for fl uorescence around 
all embryos. Gently place a #1 glass coverslip over the embryos 
making sure there are no bubbles over the embryos. The 
Vectashield should diffuse evenly and cover the entire area of 
the coverslip. Place one drop of clear nail polish at each end of 
the coverslip and let dry in the dark for ~10 min ( see   Note    15  ).   
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   15.    Once the nail polish drops have dried, swipe with the clear nail 
polish around all edges of the coverslip, sealing the coverslip 
in place.   

   16.    Store sealed slides horizontally at 4 °C.       

4                   Notes 

     1.    In order to study ligand binding patterns in third instar larvae, 
dissect and fi llet the larvae as described in [ 8 ]. Following the 
 dissections  , incubate the dissected larvae  in   AP  fusion proteins  . 
The concentration of  the   AP  fusion proteins   used will need to 
be optimized for each individual protein. Incubate larvae in AP 
 fusion proteins   for 2 h, followed by fi xation and routine immu-
nohistochemistry procedures.   

   2.    Each chamber of the fi ve-barrel chamber can hold up to 300 
fl ies without overcrowding. However, if more fl ies are needed 
for an experiment, a larger plastic container can be used in 
place of the fi ve-barrel chamber. Individual embryo collection 
cages are available commercially in three different sizes from 
fl ystuff.com (Catalog No: 59-100—59-106, Flystuff.com, San 
Diego, CA, USA). Small petri dishes of comparable size are 
also available from the same supplier, which can be fi lled with 
the grape juice solution to make appropriate sized egg collec-
tion plates.   

   3.    Frozen grape juice can be bought at any grocery store and 
stored at −20 °C until used. We prefer to buy the juice in card-
board cans vs. tin cans as the juice is thawed in the can itself. 
Place the frozen cardboard container in a microwave and heat 
at 30 s to 1 min intervals until fully thawed. Measure out the 
thawed juice using a measuring cylinder.   

   4.    Since the grape juice solution is a 1 % agar solution, it will start 
to solidify as it cools in the fl ask. To minimize this, keep the 
solution submerged in a 55–60 °C water bath while you pipette 
out the solution into petri dishes. It may be useful to use an 
automatic solution dispenser to help make this process faster.   

   5.    First add Triton X-100 to 1× PBS and mix thoroughly until 
fully dissolved. Then add BSA and mix thoroughly. This solu-
tion should be fi ltered using a bottle-top vacuum fi lter of pore 
size 0.45 μm. Once fi ltered, store PBT at 4 °C. Do not leave 
PBT at room temperature for extended periods of time. 
Filtered PBT can be used for up to 6 months if stored properly 
at 4 °C.   

   6.    Fix solution should be made fresh just prior to use.   
   7.    Thaw and aliquot the 10 ml normal goat serum received from 

the company into 0.5 ml aliquots in 15 ml conical tubes. 
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Freeze the conical tube aliquots at −20 °C until used. To make 
Blocking solution, thaw an aliquot of serum and add 9.5 ml 
PBT. Gently mix and store at 4 °C.   

   8.    Keep the chamber containing fl ies with the egg collection plate 
end elevated at ~30–45° angle. We use a piece of Styrofoam to 
make a “pillow” to keep the grape plate end of the chamber 
elevated. This helps in the embryos being deposited mostly on 
the plate and not on the interior walls of the chamber.   

   9.    Changing the grape plate every day is essential as the grape 
solution provides moisture to the fl ies and the agar tends to 
dry out after 1 day. If the plate is not changed daily, large num-
bers of embryos begin developing on the agar resulting in 
crawling larvae in the chamber. Moreover, the grape agar tends 
to fall down into the chamber if it dries out.   

   10.    Place the slide containing dechorionated embryos on the agar 
slab in a humidifi ed chamber such as a petri dish with a soaked 
Whatman fi lter paper to prevent the embryos from getting 
dried out.   

   11.    After dechorionation, the embryos will stick more strongly to 
the needle than to other embryos or to the removed cho-
rion. But they will still stick strongly to the sticky tape. To 
pick up the embryos effectively with the needle, roll the 
embryos either on top of each other or on top of their 
removed chorions. Embryos lying on the sticky tape may be 
diffi cult to pick up.   

   12.    Do not put more than ~50 embryos on one slide for  dissec-
tion  , as the yolk released from the gut during  dissections   makes 
it diffi cult for later embryos to stick to the slide.   

   13.    The gut can be removed right after dissecting each embryo as 
well. However, in this case it might be diffi cult for later- 
dissected embryos to stick well to the glass slide as the yolk 
released from the gut during gut-removal makes the PBS fatty. 
This can become a problem if the embryos have already been 
transferred to the slide surface, as the body walls of the embryos 
will not stick to the slide.   

   14.    Take extra care to not remove too much PBS from the slide, as 
removing too much will expose the dissected embryos to the 
PBS meniscus. If this happens, the  dissections   are ruined as the 
embryos “explode” towards the meniscus. Some become 
detached from the slide surface and some lose the ventral nerve 
cord.   

   15.    Once the coverslip has been placed over the embryos, make 
sure to not move the coverslip even a little bit. Any movement 
of the coverslip over the embryos will move the ventral nerve 
cord from its normal position and will ruin the  dissections  .            
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    Chapter 21   

 Methods to Study Protein Tyrosine Phosphatases 
Acting on Yeast MAPKs                     

     Almudena     Sacristán-Reviriego    ,     María     Molina    , and     Humberto     Martín      

  Abstract 

   Mitogen activated protein kinases (MAPK) pathways play a key role in orchestrating the eukaryotic cellular 
response to different stimuli. In this process, phosphorylation of both conserved threonine and tyrosine 
residues of MAPKs is essential for their activation. Identifi cation of tyrosine and dual specifi city protein 
phosphatases capable of dephosphorylating these phosphosites is thus critical to gain insight into their 
regulation. Due to the conservation of pivotal elements in eukaryotic signaling, yeast has turned into a 
valuable tool to increase the knowledge of MAPK signaling in other cell types. Here we describe an in vivo 
method to evaluate the capacity of a protein, from yeast or other origin, to act as a MAPK phosphatase. It 
relies on the ability of the phosphatase to reduce, when overexpressed, both the amount of activated 
MAPK and the transcription from a specifi c promoter regulated by the corresponding pathway. To this 
end, the pathway has to be previously activated, preferentially through overexpression of a hyperactive 
allele of an upstream component within the MAPK module. Additionally, the ability of an overexpressed 
“trapping” inactive phosphatase version to modify these readouts is also analyzed. Western blotting analy-
sis with specifi c anti-phospho MAPK antibodies and fl ow cytometry-based determination of fl uorescence 
produced by GFP whose expression is driven by MAPK-regulated promoters are the selected techniques 
for monitoring these readouts.  

  Key words     Protein tyrosine phosphatase  ,   Dual specifi city phosphatase  ,   PTP  ,   DSP  ,   MAPK  ,   MAPK 
phosphatase  ,   Anti-phospho MAPK antibody  ,   Yeast  ,   GFP  ,   Flow cytometry  

1      Introduction 

      Reversible  protein    phosphorylation   is a central mechanism in  the 
  regulation of  signal    transduction   pathways in eukaryotic cells and 
depends on the opposing actions of protein kinases and protein 
phosphatases. Among the latter,  protein tyrosine phosphatases 
(PTPs)   specifi cally eliminate  phosphate   groups from tyrosine resi-
dues within proteins previously phosphorylated by protein tyrosine 
kinases. Compared to mammalian cells, the extent of tyrosine  phos-
phorylation   in  yeast   is extremely low [ 1 ]. In fact, there are not true 
protein tyrosine kinases but dual-specifi city kinases that include 
members of the MAPKK (MAP kinase kinase) family and cell cycle 

1.1  Yeast MAPK 
Signaling and Their 
Regulation by Tyrosine 
Phosphatases
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regulators [ 2 ]. However, both classical tyrosine phosphatases 
(PTPs) and dual specifi city phosphatases (DSPs)    are present in  yeast   
cells. PTPs and  DSPs   have a common mechanism for hydrolysis and 
share the HC(X) 5 R motif at their catalytic site, although the latter 
are able to accommodate not only  phosphotyrosine   but also  phos-
phoserine   or  phosphothreonine   within the active pocket [ 3 ]. 

 The MAPK is the last component of a three tiered-protein 
kinase cascade that constitutes the highly conserved common 
module of MAPK  signal transduction   pathways. Upon stimulation, 
the MAPK is activated by  phosphorylation   on both threonine and 
tyrosine residues within the  signature motif   T-X-Y by a dual speci-
fi city MAPKK. Therefore, both PTPs and  DSPs   can act on MAPKs, 
playing a crucial role in their negative regulation [ 4 ]. Among 
 DSPs  , those that specifi cally act on MAPKs are  known   as MKPs 
(for MAPK phosphatases) [ 5 ]. In the yeast   Saccharomyces cerevi-
siae   , there are fi ve MAPKs pathways that trigger cellular adaptation 
to different stimuli [ 6 ]. The most extensively studied are those 
involved in the regulation of the response to pheromones (Mating 
pathway), in the compensatory mechanism against cell wall dam-
age (CWI pathway) and in the osmoregulation under osmotic 
stress conditions (HOG pathway). A scheme of these three path-
ways mediated, respectively, by the MAPKs Fus3, Slt2, and Hog1 
is depicted in Fig.  1 . Stimulation of these pathways gives rise to a 
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  Fig. 1    Scheme depicting components and signaling fl ow of the mating, CWI and HOG MAPK pathways of  S. 
cerevisiae . A transcriptional readout of each pathway is also indicated.  Phosphorylation   of MAPKs in threonine 
and tyrosine at the activation loop is illustrated with  small red circles . The two proposed methods for analyzing 
signaling through the pathways, namely immunodetection of phosphorylated MAPK and  fl ow cytometry   mea-
surement of fl uorescence from the transcriptional reporter, are schematized       
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wide transcriptional response through the activation of specifi c 
transcription factors by the MAPKs [ 7 – 9 ]. The PTPs Ptp2 and 
Ptp3 have been shown to regulate these three MAPKs with differ-
ent impact and physiological consequences in each pathway [ 3 ]. 
Very recently, our group has shown that another member of this 
family, Ptp1, also downregulates the mating and CWI pathways 
and physically interacts with both Fus3 and Slt2, suggesting that 
this PTP is acting at the MAPK level [ 10 ]. On the other hand, the 
MKP Msg5 is known to dephosphorylate Fus3 and Slt2, whereas 
the MKP Sdp1 seems to be selective for Slt2 [ 3 ]. No  DSPs   have 
been described to act on Hog1 to date.

   The easiness of manipulation combined with the increasing 
number of genomic tools available for genetic, biochemical, and 
phenotypic analysis either at small or large scale makes  yeast   a valu-
able system to study cell signaling. Furthermore, MAPKs pathways 
are very well conserved in fungi and structural and/or functional 
homologs of the  S. cerevisiae  protein phosphatases have been iden-
tifi ed in numerous fungal species [ 11 ]. Such conservation is also 
evident in  Drosophila ,     Caenorhabditis , plant, and mammalian cells 
[ 12 ]. For all these reasons, research on MAPK regulation in  yeast 
  has greatly helped to increase the knowledge of MAPK signaling in 
other eukaryotic cell types.  

   The usual redundancy of phosphatases that regulate yeast MAPKs 
makes  overexpression   of these negative regulators a better strategy 
than their deletion for obtaining information of their activity on 
MAPKs. When the aim is to study the effect of phosphatases from 
other organisms in yeast, the  overexpression   approach is obviously 
nearly the only possibility. For simplicity, from this point and 
throughout the article we will refer to both classical PTPs and 
 DSPs   as PTPs. For analyzing the dephosphorylating activity of an 
overexpressed PTP, the putative target MAPK needs to be previ-
ously phosphorylated and therefore activated. To this end, yeast 
cells can be treated with a pathway-specifi c activating stimulus. An 
alternative way to trigger the activation of the pathway relies on the 
expression of a hyperactive version of a component upstream of the 
MAPK. In particular, the use of a hyperactive MAPKKK or MAPKK 
version should be the strategy of choice as it allows activation spe-
cifi cally at the level of the MAPK module. 

 On the other hand,  overexpression   of a PTP mutant version 
without catalytic activity but intact substrate affi nity leads to what is 
known as “ substrate trapping  ” [ 13 ,  14 ]. The formation of a stable 
complex between the inactive phosphatase and the MAPK results in 
accumulation of the phosphorylated form of the kinase, even in the 
absence of the pathway activating stimulus. However, in spite of 
the high amount of activated MAPK, the formation of such 
complexes antagonizes binding between the MAPK and its sub-
strates, impeding downstream signaling [ 15 ]. Therefore, the use of 

1.2  A Strategy 
to Detect Yeast MAPK 
Regulation 
by a Specifi c PTP

Studying PTPs in Yeast



388

phosphatase-dead versions of PTPs not only serves as a tool to 
investigate PTP-MAPK interactions but to uncover the activity of a 
PTP on a specifi c MAPK. 

 Here we describe a yeast-based approach to investigate whether 
a PTP is acting as a negative regulator of a MAPK pathway by spe-
cifi cally targeting the MAPK. We make use of specifi c readouts of 
yeast MAPK pathways, namely MAPK  phosphorylation   and induc-
tion of reporter gene expression, to analyze the impact on MAPK 
signaling of the  overexpression   of both wild type and “ substrate- 
trapping  ” phosphatase-dead versions of the protein phosphatase 
under study. The mating and CWI MAPKs Fus3 and Slt2, like mam-
malian Erk1/2 and Erk5, bear a T-E-Y sequence at the  phosphory-
lation   loop, whereas the osmoregulatory MAPK Hog1 is homolog 
to mammalian p38 and possesses a T-G-Y activation motif. 
Therefore, the commercial antibodies that specifi cally recognize 
the dual phosphorylated forms of either Erk-   type or p-38 mam-
malian MAPKs are also routinely used to detect Fus3 and Slt2 or 
Hog1 activation, respectively. We propose the use of the  FIG1 , 
 MLP1 , and  STL1  promoters fused to  GFP   for monitoring the tran-
scriptional induction mediated by the mating, CWI and HOG1 
pathways, respectively (Fig.  1 ). Whereas a  reduction   in both MAPK 
 phosphorylation   and reporter gene expression is expected upon 
 overexpression   of a wild type phosphatase acting on the correspond-
ing MAPK, an increase in MAPK  phosphorylation   but a decrease in 
reporter gene expression should be observed when the inactive 
phosphatase version is overexpressed. 

 The method detailed here proved useful to identify novel yeast 
regulators of the mating and CWI pathways [ 10 ]. Due to the con-
servation of PTPs along the evolutionary scale, we believe that this 
strategy could also be successfully used with members of this phos-
phatase family from any eukaryotic cell origin.   

2    Materials 

       1.    PTP  overexpression   plasmids: To overexpress the PTP under 
study fused to  GST   in   Saccharomyces cerevisiae   , we suggest the 
use of pEG(KG) plasmid (2μ  URA3 leu2-d GAL1 - GST ) [ 16 ]. 
This plasmid carries the  GAL1  promoter that can be induced 
by galactose and repressed by glucose ( see   Note    1  ).   

   2.    MAPK-activating plasmids: To get MAPK activation, cells can 
be transformed with plasmids carrying hyperactive alleles of 
the MAPKKK or the MAPKK of the CWI, mating or HOG 
pathways (Table  1 ). For example, the pYES3-BCK1 CT  plasmid 
( 2μ TRP1 GAL1-BCK1   CT  ) carries a  BCK1  version lacking the 
N-terminal regulatory domain that, when overexpressed from 
the  GAL1  promoter, leads to a hyperactivation of the CWI 
pathway [ 10 ] ( see  Fig.  2a ).

2.1  Yeast Plasmids 
and Strains
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        3.    Reporter plasmids: Inducible promoters  FIG1 ,  MLP1 , and 
 SLT1  (from the mating, CWI, and HOG pathways, respec-
tively) (Table  1 ) are fused to  GFP   in plasmids pRS315-FIG1p- 
 GFP  , pRS315-MLP1p- GFP  , pRS315-STL1p- GFP   [ 10 ,  17 ] 
( see   Note    2  ).   

   4.    Yeast strains: Any strain with the appropriate genetic markers 
for  selecting   transformants with the abovementioned plasmids 
can be used. For example, strain YPH499 ( MATa ade2-101 
trp- 63 leu2-1 ura3-52 his3-Δ200 lys2-801 ) [ 18 ].      

   Media are autoclaved at 121 °C for 20 min. Agar 2 % is added for 
obtaining solid media.

    1.    Yeast extract peptone dextrose (YPD): Complete medium for 
yeast growth composed of 1 % yeast extract, 2 % peptone, 2 % 
dextrose. Add deionized water to a fi nal volume of 1 l.   

   2.    Synthetic dextrose (SD): Often called drop-out media because, 
depending on the markers used for selection, one or several 
nutrients are missing: 2 % dextrose, 0.17 % yeast nitrogen base, 
0.5 % ammonium sulfate, 0.19 % dropout mixture (−His, −Leu, 
−Trp, −Ura). Add histidine, leucine, tryptophan, or uracil when 
necessary for selection of transformants (0.2 g/l of each amino 
acid). Add deionized water to a fi nal volume of 1 l.   

   3.    Synthetic Raffi nose (SR): Same composition as SD but with 
2 % of raffi nose as carbon source instead of dextrose.   

   4.    Galactose stock solution: 20 % galactose in deionized water.      

       1.     Transformation   mix solution: 40 % PEG 3350, 200 mM 
LiOAc, 0.1 % (v/v) β-mercaptoethanol. Prepare fresh just prior 
to  transformation   using the following stock solutions (amount 

2.2  Culture Media 
and Solutions

2.3  Transformation 
of Yeast Cells

        Table 1  
  Stimulation conditions and tools for monitoring yeast MAPK activation   

 Pathway/
MAPK 

 MAPK activation 

 Phospho-MAPK detecting 
antibody 

 Transcriptionally 
regulated genes  External stimuli 

 Hyperactive 
allele 

 CWI/Slt2  Congo red 15 mg/
ml (2–4 h) 

  MKK1   S386P   
[ 19 ] 

  BCK1   CT   [ 10 ] 

 Anti-phospho-p44/p42 
MAPK (Thr202/
Tyr204) 

  MLP1  

 Mating/Fus3  Alpha factor 10 μM 
(30 min to 2 h) 

  STE7   P368   [ 20 ] 
  STE11-4  [ 21 ] 

 Anti-phospho-p44/p42 
MAPK (Thr202/
Tyr204) 

  FIG1  

 HOG/Hog1  KCl 0.4 M 
(5–30 min) 

  PBS2   S514E 
T518E   [ 22 ] 

 Anti-phospho-p38 MAPK 
(Thr180/Tyr182) 

  STL1  
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to prepare 1 ml): 50 % PEG 3350 (800 μl); 1 M LiOAc 
(200 μl); β-mercaptoethanol (1 μl).   

   2.    Salmon sperm DNA: 5 % solution in water (v/v).      

       1.    Lysis buffer: 50 mM Tris–HCl pH 7.5, 10 % glycerol, 1 % 
Triton X-100, 0.1 % SDS, 0.1 % NP40, 150 mM NaCl, 5 mM 
EDTA, 50 mM NaF, 50 mM β-glycerophosphate, 5 mM 
sodium pyrophosphate, 1 mM sodium orthovanadate. Prior to 
use, add PMSF (1 mM) and one  protease inhibitor   cocktail 
 tablet from Roche (complete, Mini, EDTA-free) per 10 ml of 
lysis buffer.   

   2.    Glass beads (0.4–0.6 mm).   
   3.    Fast prep centrifuge (MP Biomedicals, California, USA).      

       1.    Preparative 10 % acrylamide gel for SDS-PAGE: 1.9 ml water, 
1.7 ml 30 % acryl-bisacrylamide mix, 1.3 ml 1.5 M Tris–HCL 
pH 8.8, 50 μl 10 % SDS, 50 μl 10 % ammonium persulphate, 
2 μl TEMED.   

   2.    Stacking 5 % acrylamide gel for SDS-PAGE: 1.4 ml water, 333 μl 
30 % acryl-bisacrylamide mix, 250 μl 1.5 M Tris–HCl pH 6.8, 
20 μl 10 % SDS, 20 μl 10 % ammonium persulfate, 1 μl TEMED.   

2.4  Preparation 
of Cell Extracts

2.5  SDS- 
Polyacrylamide Gel 
Electrophoresis 
(SDS-PAGE)

  Fig. 2     Western blotting   analysis of the effect of  overexpressing   the yeast  DSP 
  Sdp1 on the  phosphorylation   of the CWI MAPK Slt2. ( a ) Overexpression of wild 
type Sdp1 but not of inactive Sdp1 C104A  causes a strong  reduction   in the high 
phospho-Slt2 level of CWI-activated cells. Yeast cells from the  msg5 Δ strain 
DD1-2D [ 15 ] transformed with pEG-KG (vector), pEG-KG-Sdp1 or pEG-KG- 
Sdp1 C104A , and pYES3 (vector) or pYES3-BCK1 CT  plasmid, which contains a hyper-
active N-terminally truncated version of the MAPKK Bck1 [ 10 ] to constitutively 
activate the pathway, were grown to mid-log phase in SR at 24 °C, then galac-
tose was added to a fi nal 2 % concentration for 4 h at 24 °C, and protein extracts 
were prepared. Phosphorylated Slt2, Sdp1-Myc, and G6PDH (as loading control) 
were detected with anti-phospho-p42/44 ( upper panel ), anti-Myc ( middle panel ), 
and anti-G6PDH antibodies ( lower panel ), respectively. ( b )  Overexpression   of the 
inactive “ substrate trapping  ” version Sdp1 C104A  leads to an increase in Slt2  phos-
phorylation   in non CWI-activated cells. Yeast cells from strain YPH499 [ 18 ] trans-
formed with pEG-KG (vector), pEG-KG-Sdp1 or pEG-KG- Sdp1 C104A  were grown to 
mid-log phase in SR at 24 °C, then galactose was added to a fi nal 2 % concen-
tration for 4 h at 24 °C, and protein extracts were prepared. Immunodetection 
was performed as in ( a )       
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   3.    2× SDS-PAGE gel loading buffer: 100 mM Tris–HCl pH 6.8, 
4 % SDS, 20 % glycerol, 0.1 % bromophenol blue, 200 mM 
DTT. Store the SDS-PAGE gel loading buffer without DTT at 
room temperature. Prior to use, add DTT from a 1 M stock.   

   4.    SDS-PAGE gel running buffer: 190 mM glycine, 25 mM Tris–
HCl base, 0.1 % SDS.      

       1.      Nitrocellulose   membranes.   
   2.    Molecular weight protein marker.   
   3.    Transfer buffer: 190 mM glycine, 25 mM Tris–HCl base, 20 % 

methanol.   
   4.    Blocking buffer: 5 % dry skimmed milk in PBS.   
   5.    Washing buffer: 0.1 % Tween 20 in PBS.   
   6.    Primary antibodies: anti-GST antibodies (Santa Cruz 

Biotechnology, 1:2000) to immunodetect the tagged PTP ( see  
 Note    3  ). Anti-phospho-P44/42 and anti-phospho-p38 anti-
bodies (Cell Signaling, 1:2000) to immunodetect dually phos-
phorylated MAPKs. Anti-G6PDH antibody (Sigma, 1:50,000) 
for loading control.   

   7.    Secondary antibodies: IRDye 800CW Goat anti-rabbit (LI- COR 
Biosciences, USA) and IRDye 680LT Goat anti-mouse 
(LI-COR Biosciences, USA). Use both at 1:5000 dilution.       

       1.    Odyssey Infrared Imaging System (LI-COR Biosciences): To 
detect and quantify fl uorescence  signal   from conjugated IRDye 
secondary antibodies. This system allows the simultaneously 
detection of two different antigens (e.g., phosphorylated 
MAPK and tagged-PTP) on the same blot using antibodies 
labeled with IRdyes that are visualized in different fl uorescence 
channels (700 and 800 nm).      

       1.     Cycloheximide  :    10 mg/ml solution in PBS.   
   2.    CyAn MLE Flow cytometer (Dako, Glostrup, Denmark): to 

acquire green fl uorescence through a 488 excitation laser and 
a 525/30 BP emission fi lter (BFP) for  GFP  -positive cells.       

3    Methods 

     When  considering   an overexpression approach, the  GAL1  pro-
moter  is   probably the most used among the strong inducible pro-
moters in yeast. Transcription of  GAL1  gene is repressed by the 
presence of glucose and strongly activated by the galactose- 
dependent Gal4 activator. Addition of galactose to 2 % in a medium 
containing raffi nose, a carbon source that neither repress nor 

2.6  Western Blotting

2.7  Data Analysis

2.8  Flow Cytometry 
GFP Fluorescence 
Quantifi cation

3.1  Overexpression 
of PTPs 
in  Saccharomyces 
cerevisiae 
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induce the  GAL1  promoter, leads to a fast induction of this pro-
moter and it is therefore a simple and very effi cient way to express 
high levels of a specifi c protein, for example a PTP, in yeast cells. 
It is also very convenient to mark the phosphatase with a tag in 
order to easily check the effi cient expression of the phosphatase by 
 western blotting  . The pEG-KG vector [ 16 ] provides a very versa-
tile and widely used system for  GAL1 -based  expression   of GST-
tagged proteins in yeast. Here we describe a detailed protocol for 
 transformation   of yeast cells with a pEG-KG-based plasmid carry-
ing either the wild-type or the catalytically inactive allele of the 
 PTP  gene under study. Phosphatase-dead versions for  substrate 
trapping   can be obtained by mutating the conserved cysteine resi-
due within the HC(X) 5 R catalytic motif of PTPs to alanine. Other 
plasmids with  GAL1 -driven expression of the  PTP  alleles could be 
similarly used. 

 A plasmid with a compatible marker carrying the transcrip-
tional reporter should be co-transformed in order to check the 
transcriptional activity mediated by the MAPK. In order to get the 
MAPK activated, cells could be treated with a specifi c stress agent; 
alternatively, a plasmid with a compatible marker carrying either a 
MAPKKK or MAPKK hyperactive allele could be co-transformed. 
Depending on the target MAPK to analyze as a substrate for a spe-
cifi c phosphatase, different possibilities regarding the external 
stimuli or the hyperactive allele, the anti-phospho-MAPK antibody 
and the distinct reporters to be used are shown in Table  1 .   

       1.      Inoculate   yeast cells previously grown in YPD plates into 5 ml 
YPD liquid medium and incubate overnight (O/N) at 30 °C, 
200 rpm.   

   2.    Dilute the overnight culture into fresh medium to make 
100 ml of culture (per ten  transformations  ) with OD 600  = 0.2 
and incubate the fl ask for 3 h (30 °C, 200 rpm).   

   3.    Collect yeast cells from the culture by centrifugation (1006–
2795 ×  g ) for 3 min at room temperature and remove carefully 
the supernatant with a micropipette.   

   4.    Resuspend cells in 1 ml of freshly prepared  transformation   mix 
solution and vortex gently.   

   5.    Make aliquots of 100 μl.   
   6.    Add 1 μl of each plasmid solution (around 0.2 μg of DNA) and 

then vortex again ( see   Note    4  ).   
   7.    Optional: 5 μl of denatured salmon sperm DNA (10 mg/ml) 

can be added per 100 μl of  transformation   mix in order to 
increase  transformation   effi ciency.   

   8.    Incubate for 10 min at room temperature (RT).   
   9.    Heat shock at 45 °C, 30–45 min.   

3.1.1  Transformation 
of Yeast Cells
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   10.    Plate the cell suspension onto appropriate selective medium 
depending on the carried plasmids (SD plate lacking uracil, 
leucine or tryptophan). If cells have settled, mix by pipetting 
up and down before plating.   

   11.    Place the plates at 30 °C. Colonies should be visible in 3 days.       

         1.    Inoculate a single colony of the yeast transformant from a plate 
of selective medium used for plasmid maintenance in 5 ml of 
SR selective liquid medium. Incubate at 30 °C overnight with 
shaking.   

   2.    Dilute the overnight culture into SR fresh medium lacking 
uracil, leucine and tryptophan to OD 600  = 0.2 (30 ml of culture 
for western- blotting   analysis and 2 ml of culture for transcrip-
tional assays). In order to induce the  overexpression   of PTPs, 
add galactose stock solution for a 2 % fi nal concentration to the 
liquid SR medium and incubate for 4–6 h. Addition of galac-
tose also leads to the activation of the MAPK pathway in cells 
carrying hyperactive alleles of the MAPKKKs or MAPKKs 
(Table  1 ).   

   3.    Alternatively to the use of hyperactive alleles, to get CWI, 
mating or HOG pathway activation, add Congo red, α-factor or 
KCl respectively to the cultures following the concentrations 
and times indicated in Table  1 .   

   4.    Collect cells at 1006 ×  g  at 4 °C.   
   5.    Resuspend cells with 0.8 ml of ice-cold water and transfer to an 

eppendorf tube.   
   6.    Wash once with 0.8 ml of ice-cold water and collect the cells at 

1006 ×  g  at 4 °C.   
   7.    Remove water. For  western blotting   analysis, freeze straight-

away the pellet in liquid nitrogen and store at −80 °C until you 
are ready to carry on with the experiment. For transcriptional 
assays performed by  fl ow cytometry  , resuspend the pellet in 
1 ml of cycloheximide in PBS (10 mg/ml) to block protein 
synthesis and keep the samples at 4 °C. By doing this, cells can 
be analyzed afterwards, even 24 h later.       

   The effect  of    overexpressing   either the wild type or the trapping 
mutant version of the PTP under study on MAPK  phosphorylation   
is analyzed by  western blotting  . The previously collected cells are 
glass-beads disrupted, protein extracts separated by SDS-PAGE, 
and the comparative amount of activated MAPK analyzed using 
specifi c antibodies that detect the dually phosphorylated form of 
the MAPK. Whereas phosphorylated Slt2 and Fus3 are similarly 
recognized by anti-phospho p42/p44 antibodies, activated Hog1 
is specifi cally detected by anti-phospho- p38   antibody (Table  1 ). 

3.1.2  Yeast Cells Growth, 
Expression of PTPs, 
Pathway Activation, 
and Cell Collection

3.2  Analysis 
of the Effect of PTPs 
Overexpression 
on Yeast MAPK 
Phosphorylation

Studying PTPs in Yeast



394

       1.    Thaw on ice the pellets obtained as described in 
Subheading  3.1.2 , resuspend each one in 150 μl of cold lysis 
buffer containing phosphatase and  protease inhibitors   and add 
an equal volume of glass beads.   

   2.    Disrupt cells by placing tubes in a FastPrep centrifuge and set 
speed at highest setting (5.5). Bead-beat the cells twice for 
30 s placing tubes on ice for 5 min in between.   

   3.    Collet the debris by centrifugation (18894 ×  g ) for 10 min at 
4 °C.   

   4.    Transfer the supernatants to cold 1.5 ml eppendorf tubes and 
place on ice.   

   5.    Measure the protein concentration of each lysate using a spec-
trophotometer at 280 nm.   

   6.    Adjust lysate concentration to 1.5 μg/μl with lysis buffer. 
To this end, use the general equation: Protein Concentration 
(μg/μl) = OD 280  divided by cuvette width (cm).   

   7.    Add 25 μl of 2× SDS-PAGE loading buffer per 25 μl of lysate, 
boil for 5 min at 99 °C, and load 10 μl of the samples on a SDS 
polyacrylamide gel ( see   Note    5  ).      

       1.    Prepare the polyacrylamide gel.      
   2.    Load the samples and run the gel (150 V) in running buffer 

for 1 h.   
   3.    Set up transfer from the gel to a nitrocellulose membrane in 

transfer buffer. Run at 100 V for 1 h.   
   4.    Block the blot by soaking in blocking buffer for 30–60 min 

with gentle shaking in a rocker.   
   5.    Add primary anti-phospho-MAPK antibody at proper dilution. 

Incubate the membrane for 1 h with shaking. Alternatively, 
incubation can be done overnight at 4 °C.   

   6.    Wash the membrane fi ve times with washing buffer for 5 min.   
   7.    Incubate with secondary antibodies for 45–60 min with 

shaking.   
   8.    Wash the membrane fi ve times with washing buffer for 5 min.   
   9.    Scan protein bands using an Odyssey Infrared Imaging System 

( see   Note    6  ).     

 Figure  2  shows the  western blotting   analysis of the effect of 
 overexpressing   the yeast  DSP   Sdp1 and its trapping inactive ver-
sion on the dual  phosphorylation   of Slt2, the MAPK of the CWI 
pathway.  

       1.    Quantify the fl uorescent  signals   corresponding to the amount 
of phosphorylated MAPK and G6PDH protein (loading control) 
with the Odyssey Software.   

3.2.1  Preparation 
of Yeast Cell Extracts

3.2.2  SDS-PAGE 
and Western Blotting

3.2.3  Data Analysis 
(Quantifi cation/Ratios/
Statistics)
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   2.    Normalize the amount of phospho-MAPK in each sample to 
the corresponding loading control.   

   3.    Calculate the ratio between the normalized phospho-MAPK 
amount of the sample from cells  overexpressing   the PTP and 
that of the control cells bearing the empty plasmid.     

 Perform the experiment in triplicate to calculate the average 
ratio, standard deviation, and  p -value.   

    In order to analyze the impact of the  overexpression   of either the 
wild type or the trapping mutant version of the PTP under study 
on the activity of the distinct MAPKs, the transcriptional induction 
of a reporter gene under the control of promoters specifi cally regu-
lated by each MAPK pathway should be studied. Measurement of 
 LacZ  expression through β-galactosidase activity determination has 
been very used. However, here we propose the use of  GFP   as 
reporter gene since fl uorescence determination with a fl ow cytom-
eter is a fast and simple non-enzymatic method. 

       1.    Use  cell   suspension in 1 ml  of   cycloheximide (10 mg/ml), 
obtained as described in Subheading  3.1.2 .   

   2.    Optimize the appropriate excitation laser (488 nm) and emission 
fi lter (525 nm) in the fl ow cytometer to acquire green 
fl uorescence.   

   3.    Fix the low threshold setting (blank) using yeast cells that do 
not carry any GFP-bearing plasmid and therefore do not 
express this fl uorescent protein.   

   4.    Obtain the  GFP   fl uorescence of cells and calculate the mean.     

 An example of the effect of  overexpressing   the yeast PTP Ptp1 
and the  DSP   Msg5 on the mating pathway  FIG1 -  GFP    reporter 
under pheromone stimulation (α-factor) is shown in Fig.  3 .

          1.    Calculate the ratio  of   GFP fl uorescence emission derived from 
the transcriptional reporter between cells under pathway stim-
ulating conditions in the presence or absence of PTP and con-
trol cells under basal conditions.     

 Perform the experiment in triplicate using three single and 
independent transformants to calculate the average ratio, standard 
deviation and  p -value.     

4          Notes 

     1.    Other similar plasmids with compatible markers, bearing either 
 GAL1  or other strong promoter, could also be used for PTP 
expression induction. For example, the  ADH1  promoter leads 

3.3  Analysis 
of the Effect of PTPs 
Overexpression 
on Yeast MAPK-
Mediated 
Transcriptional 
Induction

3.3.1  Flow Cytometry 
GFP Quantifi cation

3.3.2  Data Analysis 
(Ratios/Statistics)
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to high-level constitutive expression during logarithmic growth 
of the yeast cells. This promoter can only be used when  over-
expression   of the PTP is not toxic for yeast cells.   

   2.    Plasmids in which the inducible promoters are fused to the 
reporter gene  lacZ  can also be used for transcriptional assays. 
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  Fig. 3     Flow cytometry   analysis of the effect of  overexpressing   yeast PTP Ptp1 
and  DSP   Msg5 on expression of the mating  FIG1 - GFP  reporter. Quantifi cation of 
 GFP   signal in cells of strain BY4741 carrying pRS315-FIG1p-GFP and pEG-KG, 
pEG-KG-PTP1, or pEG-KG-MSG5 plasmids, as indicated, in the absence ( upper 
panel ) or presence of α-factor (10 μM for 2 h) was performed. Histograms show 
relative units of green fl uorescence in logarithmic scale in the abscissae. For 
each sample, the mean relative fl uorescence and the ratio relative to control 
cells in non-stimulating conditions are shown       
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In this case, determination of β-galactosidase activity instead of 
fl uorescence detection should be performed.   

   3.    Alternative specifi c antibodies (anti-Myc, anti-HA, anti-His) 
can be used depending on the tag used for PTP tagging.   

   4.    Include a negative control of  transformation   by adding 3 μl of 
water in one of the cell suspension aliquot in order to check 
that no colonies appear unless cells are transformed with DNA.   

   5.    Samples can be stored at −80 °C prior to load them on a gel.   
   6.    Alternatively to the fl uorescent method described here, a tradi-

tional chemiluminescent method can be used to develop the blot.            
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