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Allergic disease causes much distress within industrialized areas of the world, 

affecting approximately a quarter of the population in such areas.  Current 

immunotherapy involves the administration of increasing concentrations of crude 

allergen extracts over a period of time, in an attempt to switch the individual’s allergic 

response to that of a non-allergic individual.  Such therapy is largely ineffective, 

especially for cedar hypersensitivity where only 30% of individuals respond after two 

years of weekly injections, and unwanted and sometimes life-threatening side effects can 

accompany specific immunotherapy.  In an effort to increase its efficacy, as well as 

circumvent these negative side effects, recombinant DNA technology is being used to 

produce recombinant allergens that will take the place of crude allergen extracts found in 

immunotherapy injections. 

A main cause of allergic disease within south central Texas is pollen produced by 

mountain cedars, Juniperus ashei.  In one study, I cloned a particular mountain cedar 

allergen, Jun a 3, into a tobacco mosaic virus vector under the regulation of a subgenomic 



 

promoter.  Infectious viral transcripts were inoculated onto Nicotiana benthamiana 

plants, and recombinant Jun a 3 protein was detected within these plants at 21 days post-

inoculation.  The recombinant protein was able to bind anti-Jun a 3 IgG antibodies as 

well as IgE from mountain cedar allergic patient sera.  

A separate study also demonstrated the successful expression of recombinant Jun 

a 3, but in a yeast expression system.  The Jun a 3 cDNA was cloned into a yeast 

expression vector and transformed into Pichia pastoris cells for expression.  Western 

blotting and ELISA experiments confirmed the recombinant Jun a 3 produced by the 

yeast bound anti-Jun a 3 IgG antibodies and IgE from allergic patient sera. 

A third study utilized the tobacco mosaic virus-based plant expression system to 

produce the main Italian cypress allergen, Cup s 1, from Cupressus sempervirens.  This 

recombinant allergen behaved very similarly to a native cross-reactive allergen in its 

binding to IgG antibodies and allergic patient sera.     

 

 

 





 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Copyright © 2005 by Marcie H. Moehnke 
 

All rights reserved



 

iii 

TABLE OF CONTENTS 
 
 

LIST OF FIGURES  vii 

LIST OF TABLES iix 

ACKNOWLEDGMENTS x 

DEDICATION xii 

CHAPTER ONE 1 

     Introduction 1 

What is Allergic Disease? 1 

Common Allergens 5 

Structural Properties of Allergens 6 

Biological Functions of Allergens 7 

Mountain Cedar Allergy and PR-5 Proteins 9 

Cypress Pollen Allergy 13 

Allergy Therapy and Treatment 14 

Recombinant Allergens 22 

Expression Systems for the Production of Recombinant Allergens 26 

Tobacco Mosaic Virus as an Expression Vector 38 

Pichia pastoris Expression System 45 

Dissertation Overview 49 
 
CHAPTER TWO 51 

     Transient Expression of a Mountain Cedar Allergen, Jun a 3, in Nicotiana           
 benthamiana Plants Using a Tobacco Mosaic Virus Vector                            51 
 

Abstract 51 



 

iv 

Introduction 52 

Materials and Methods 54 

Results 061 

Discussion 67 
 
CHAPTER THREE 72 

     Recombinant Expression of a Mountain Cedar Allergen, Jun a 3, Using a Pichia      
 pastoris Expression System                   72 

Abstract 72 

Introduction 73 

Materials and Methods 75 
 
        Results                  79 
 
        Discussion                 84 
 
CHAPTER FOUR 87 

     Transient Expression of a Cypress Pollen Allergen, Cup s 1, in Nicotiana            
 benthamiana Plants Using a Tobacco Mosaic Virus Vector           87 

Abstract 87 

Introduction 88 

Materials and Methods 89 

Results 95 

Discussion 100 
 
APPENDIX A 106 

     Protocols 106 

Total RNA Extraction from Pollen 106 

Quantification of RNA Using Spectrophotometry 107 

Formaldehyde-Agarose Gel Electrophoresis 108 



 

v 

Reverse Transcription 109 

Primer Resuspension of Lyophilized Stock 109 

PCR Mutagenesis 110 

PCR Clean-up 111 

Quantification of DNA Using Spectrophotometry 111 

Restriction Digest 112 

DNA Extraction and Purification from an Agarose Gel 112 

Ligation Reaction 113 

Ethanol Precipitation of Ligation Reactions 114 

Transformation (Electroporation) Using the BTX Electro Cell Manipulator 600 114 

Transformation (Chemical) 1166 

PCR Screening Directly from E. coli Colonies 117 

Plasmid Maxiprep 118 

Alkaline Lysis Plasmid Miniprep 120 

In Vitro Transcription 121 

Inoculation of Nicotiana benthamiana Plants (1st Passage) 122 

RNA Extraction from Plant Tissue 122 

Second Passage of Virus to Nicotiana benthamiana Plants 123 

Protein Extraction from Plant Tissue (Grinding) 123 

Protein Extraction from Plant Tissue (Rubisco Spinout) 124 

Protein Extraction from Plant Tissue (Vacuum Infiltration) 124 

Casting Polyacrylamide Gels 125 

SDS-PAGE 126 

Western Blot 127 

Dot Blot 128 



 

vi 

ELISA 128 

Competition ELISA 129 

Protein Purification Using a Ni-NTA Column 130 

Ammonium Sulfate Precipitation 131 

Protein Dialysis 132 

Protein Concentration (PEG Method) 132 

Protein Concentration (Microsep Centrifugal Devices) 132 

Protein Quantification (Bradford Assay) 133 

Preparation of Electrocompetent Pichia pastoris Cells 133 

Electroporation of Pichia pastoris Cells 134 

Determining the Mut Phenotype of Pichia Recombinants 135 

PCR Screening Directly from Pichia pastoris Colonies 136 

Total DNA Isolation from Pichia pastoris 137 

Expression of Recombinant Pichia pastoris Strains 138 

Preparation of Pichia pastoris Cell Pellets for SDS-PAGE 140 
 
APPENDIX B 141 

      Cloning and Expression Outlines 141 

Cloning and Expression in Nicotiana benthamiana 141 

Cloning and Expression in Pichia pastoris 143 
 
BIBLIOGRAPHY 145

 

 
 
 
 
 
 
 



 

vii 

LIST OF FIGURES
 
 
Figure 1.1  Immune Reaction to Allergen Molecules in Non-allergic and Allergic                
                  Individuals                  4 
 
Figure 1.2  Mast Cell Response During Primary and Secondary Allergen Exposures         
                  in an Atopic Individual 4 
 
Figure 1.3  Jun a 3 IgE Epitopes 11 
 
Figure 1.4  N. benthamiana Plants 40 
 
Figure 1.5  Tobacco Mosaic Virus Genome 42 
 
Figure 1.6  30B TMV Expression Vector 44 
 
Figure 1.7  pPICZ Expression Vectors 47 
 
Figure 1.8  Gene Insertion Into the P. pastoris Genome 48 
 
Figure 1.9 Multiple Gene Insertion Into the P. pastoris Genome 48 
 
Figure 2.1  Primer Design for RT-PCR of Jun a 3 55 
 
Figure 2.2  RT-PCR Performed on Infected Plant Total RNA Extraction 62 
 
Figure 2.3  SDS-PAGE of rJun a 3 Protein Extractions 63 
 
Figure 2.4  Rubisco Spinout Purification 64 
 
Figure 2.5  Nickel Column Purification of rGFP-His 64 
 
Figure 2.6  Nickel Column Purification of rJ3-His 65 
 
Figure 2.7  Ammonium Sulfate Precipitations 65 
 
Figure 2.8  Western Blot of rJun a 3 with Anti-Jun a 3 Antibody 66 
 
Figure 2.9  Western Blot of rJ3-His with Anti-His Antibody 66 
 
Figure 2.10  Dot Blot of rJun a 3 67 
 
Figure 2.11  ELISA Data Using an Anti-Jun a 3 Antibody 68 



 

viii 

 
Figure 2.12  ELISA Data Using Patient Sera 68 
 
Figure 3.1  Primer Design for Cloning Jun a 3 into pPICZα 77 
 
Figure 3.2  SDS-PAGE of Yeast Culture Supernatants Taken at T24 81 
 
Figure 3.3  SDS-PAGE of Yeast Culture Supernatants Taken at T48, T72 and T96 82 
 
Figure 3.4  Western Blot of Yeast Culture Supernatants with Anti-Jun a 3 Antibody 83 
 
Figure 3.5  ELISA Data With Jun a 3 Allergic and Non-allergic Sera 84 
 
Figure 4.1  Primer Design for RT-PCR of Cup s 1 90 
 
Figure 4.2  pBSG1057-C1B-inoculated Plants 96 
 
Figure 4.3  RT-PCR Performed on Total Plant RNA Extraction 97 
 
Figure 4.4  SDS-PAGE of Cup s 1 Protein Extractions 98 
 
Figure 4.5  Western Blot Using KW-S91 Antibody 99 
 
Figure 4.6  Dot Blot Using KW-S91 Antibody 99 
 
Figure 4.7  ELISA Data Using Patient Sera 101 
 
Figure 4.8  ELISA: Binding of Individual Patient Sera 101 
 
Figure 4.9  Cross-inhibition ELISA 102 



 

ix 

LIST OF TABLES 
 
 
Table 1.1   Families of PR-proteins Containing Allergens 10 
 
Table 1.2  Common Recombinant Allergens Expressed in E. coli 28 
 
Table 1.3  Recombinant Allergens Expressed in Yeast 31 
 
Table 1.4  Recombinant Allergens Expressed in Insect Cells 33 
 
Table 1.5  Medically-Relevant Proteins Expressed in a TMV-Based                    
                 Expression System 39 
 
Table 1.6  Recombinant Allergens Expressed in a TMV-Based Expression System        40     



 

x 

ACKNOWLEDGMENTS
 

 There are many people I would like to acknowledge whose support has made this 

dissertation possible.  First and foremost I would like to thank my advisor, Dr. Chris 

Kearney, who has guided me throughout my graduate studies and has financially made 

my research possible.  I am grateful for the role you have played in this process.  My 

appreciation also goes to my committee members, Dr. Lori Baker, Dr. Jiahuan Ding, Dr. 

Myeongwoo Lee, and Dr. James Lester Matthews.  I thank you for taking the time to 

serve on the committee and for your helpful advice.  

 I would also like to acknowledge my two labmates, Shikha Varshney and Hania 

Wehbe, who have been a support system for the past four years.  I also owe my thanks to 

all of the Biology and Biomedical Studies graduate students, past and present.  I have 

enjoyed our friendships as well as getting to teach with you.   

 My appreciation also goes to all of the Biology and Biomedical Studies faculty 

and staff.  I have enjoyed my coursework at Baylor which would not be possible without 

all the work you do.  A special thank you goes to the Biomedical Studies faculty from 

Dallas, who have made countless trips to Waco to teach courses and serve on committees.  

I would also like to express my thanks for the ceaseless support, guidance, and 

friendships of Tammy Adair, Brenda Honeycutt, and Diane Wycuff.  You all have made 

this experience enjoyable for me.  I would also like to acknowledge the group from UT 

Galveston, especially Dr. Randy Goldblum and Dr. Terumi Midoro-Horiuti, who have 

played a pivotal role in this research project by providing technical assistance and ideas. 



 

xi 

 In conclusion, I would like to thank my family and friends, without whom I could 

have never completed this journey.  To my parents, you have always taught me that I can 

do anything if I try hard enough.  This, along with teaching me the importance of 

education, has pushed me further than I ever thought I could go.  Thank you for 

everything you have done for me.  And last but certainly not least, my deepest heartfelt 

gratefulness is to my incredible husband, Craig.  Can you believe we finally did it?  I 

could never express in words, much less a short paragraph what you mean to me.  Thank 

you for keeping me sane through this process and for keeping a smile on my face. 

 

 

 

 

 
 



 

 

DEDICATION 
 

 
 
 
 

To my parents and husband  
for their unending prayers, love, and support 

 



 

 1

CHAPTER ONE 
 

Introduction 
 
 

What is Allergic Disease? 
 
 Allergic disease, also known as Type I hypersensitivity, is defined as an immune 

disorder in which an individual’s immune system mounts a response against otherwise 

harmless allergens.  Approximately a quarter of the world’s industrialized population 

suffers from allergic disease, also called atopy (Kay 1997).  Among all ages in the United 

States, allergy is the 5th leading chronic disease, and the 3rd most common chronic disease 

among children under 18 years of age (Summer and others 1999).  The prevalence of 

allergic disease has been on a dramatic rise since the 1980’s across all age, sex, and racial 

groups.  Allergies account for at least 17 million outpatient office visits per year 

(National Center for Health Statistics 2005).  Although allergic disease is rarely life-

threatening, those suffering with it often miss work or school in order to cope with the 

symptoms.  Such allergic reactions are the body’s response to allergens, small protein 

antigens that provoke an IgE antibody response in atopic individuals.  The immune

 system of individuals who are unaffected by such hypersensitivities recognizes these 

allergens as foreign and thus processes them by normal IgG-mediated protective immune 

responses.  A common source of allergens is found in pollen produced by plants and 

trees, which initiates allergic responses in the respiratory system by releasing proteins 

that stimulate allergic immune reactions in susceptible individuals.  The symptoms of 

Type I hypersensitivities fall into two categories, immediate and late-phase.  Immediate 

symptoms are characterized by allergic rhinitis, conjunctivitis, asthma, dermatitis, and in 
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severe cases, anaphylactic shock, and these occur within minutes of exposure to the 

allergen.  The onset of late-phase symptoms occurs hours and even days later and remain 

with the atopic individual as chronic conditions such as asthma and dermatitis (Larche 

2000).   

 The hallmark of type I hypersensitivities is the cross-linking of IgE receptors on 

the mast cells caused by  cell-bound IgE-allergen complexes, and this cross-linking is the 

result of many steps.  The immune system’s response to allergen is carried out by a 

variety of cell types, and occurs in two stages, the primary and secondary response.  The 

primary response to the allergen is termed sensitization and often occurs early in 

childhood.  Immediate and late-phase symptoms occur when the immune system mounts 

a secondary response.  The primary response begins when the soluble allergen released 

from the pollen grain comes in contact with mucosal surfaces of the individual.  This 

antigen is taken up by antigen presenting cells (APC) such as macrophages and dendritic 

cells, and then presented on the surface of the APC via major histocompatibility 

complexes (MHC).  T-cell receptors (TCR) of naïve T-cells will bind the displayed 

antigen, activating the T-cells which will then differentiate into T-helper type I cells 

(Th1) or T-helper type II cells (Th2).  These differentiated T-cells will release cytokines 

that stimulate B-cells to release antibodies.  In non-atopic individuals, the T-cells will 

differentiate into Th1 cells, whose cytokines (IFN-γ and IL-2) stimulate B-cells to release 

protective IgG antibodies; therefore allergic disease does not occur.  However, the T-cells 

stimulated in atopic individuals are Th2 cells, whose cytokines (IL-4, IL-5, IL-13) 

stimulate B-cells to produce IgE antibodies (Norman 2004).  Specifically IL-4 and IL-13 

promote class switching of B-cells from IgM to IgE, and IL-5 serves as a growth factor 
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for eosinophils.  The IgE antibodies released from the B-cells bind to high-affinity IgE 

receptors (FcεRI) located on effector cells such as mast cells, basophils, and eosinophils.  

The Th2 cells and B-cells will become memory cells, and the memory B-cells most likely 

produce most of the IgE in allergic patients, aided by the memory T-cells (Valenta and 

others 2002).  After the first exposure to the antigen, the effector cells are primed and the 

individual is said to be sensitized.  Upon secondary exposure, the allergen will bind to the 

IgE antibodies that cover the mast cells, basophils, and eosinophils.  This causes cross-

linking of the IgE receptors, signaling the release of chemical mediators (degranulation) 

such as histamine, leukotrienes, and proteases from the effector cells.   Within minutes, 

these chemical mediators result in inflammation, blood vessel dilation, mucus secretion, 

and bronchoconstriction causing the immediate symptoms of allergy: rhinitis, 

conjunctivitis and asthma.  Allergic rhinitis, sneezing and nasal secretions, occurs when 

mast cells that lie beneath the nasal epithelium are activated by inhaled allergens.  

Allergic conjunctivitis is the body’s response to airborne allergens that land on the 

conjunctiva of the eye caused by the activation of mast cells in these tissues.  Asthma is a 

more serious condition triggered by the activation of mast cells in the lower air passages.  

This results in bronchial constriction and fluid accumulation, making breathing difficult.  

Late-phase reactions such as chronic asthma and chronic dermatitis are caused by the 

activation of allergen-specific T-cells hours or days after the immediate reaction.  These 

T-cells release IL-5 which activates eosinophils known to release inflammatory mediators 

involved in the late-phase response (Fountain 2002). 

One of the major questions those studying allergy ask is what makes some 

individuals allergic, with a Th2 response, while others are unaffected.  In addition to 



 

 

Figure 1.1  Immune Reaction to Allergen Molecules in Non-allergic and Allergic Individuals 

          
 

Figure 1.2  Mast Cell Response During Primary and Secondary Allergen Exposures in an Atopic Individual
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environmental factors, atopy has been found to have a genetic link.  Those who suffer 

from allergic disease have higher total IgE levels in circulation and higher levels of 

eosinophils than those unaffected.  Twin studies and extended-family studies reveal that 

there is a definite genetic link.  Researchers have found that there are genes that control 

atopy; such genes also control the severity of the allergic reaction that the atopic 

individual develops (Casolaro and others 1996). 

 
Common Allergens 

 Pollens, animals, and fungi are common sources of allergens.  In plants, pollen is 

the male contribution for fertilization.  Pollen is water soluble and wrapped in a shell 

called the exine with a diameter of 15 to 50 micrometers (Fountain 2002).  A single plant 

can produce one million to several million pollen grains on a daily basis.  Grasses, trees, 

and weeds represent the main sources of inhalant pollen allergy because of their need for 

wind pollination.  Among pollen allergic individuals, 60-75% have positive skin prick 

tests for weed pollen, 40% for grass pollen, and 10% for tree pollen (Esch and others 

2001).  Trees that are responsible for allergic disease represent a broad and diverse 

taxonomic group, consisting of approximately ten different families.  Common tree 

allergens are birch (Betula), cypress (Cupressus), and cedar (Juniperus) (Mothes and 

Valenta 2004).  There are many weeds responsible for allergy with the main allergenic 

weed in North America being ragweed (Ambrosia).  Common grass allergens include the 

pollen from Bermuda grass (Cynodon dactylon), and Timothy grass (Phleum pretense) 

(White and Bernstain 2003).   

 Many individuals have allergic responses to animals; approximately 20-30% of 

atopic patients have some kind of animal allergy.  Animal allergens can be of invertebrate 
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or vertebrate origin.  Representative invertebrates include insects, mites, or crustaceans.  

House dust mites (Dermatophagoides farinae, Dermatophagoides pteronyssinus) and 

cockroaches (Periplaneta americana, Blattella germanica) are two major allergy-

eliciting invertebrates.  The main vertebrate allergens are mammalian, as allergy to birds, 

fish, reptiles, and amphibians are rare.  Cat (Felis domesticus) allergy is a widespread 

disease in which individuals mount immune responses to the cat’s dander, pelt, saliva, or 

urine (Esch and others 2001).   

 
Structural Properties of Allergens 

 The disease eliciting antigens in pollen are proteins, of which many of the three-

dimensional structures have been determined.  X-ray crystallography and NMR reveal 

that these three-dimensional structures do not have common motifs that constitute them 

as allergenic.  Thus, although there are allergens that are similar in structure to others, 

there is no defining structural characteristic.  Numerous allergen proteins contain both 

alpha-helical and beta-sheets; however, some only have one or the other (Valenta and 

Kraft 2001).  Most allergens are glycosylated and thus extracellular, requiring an N-

terminal leader peptide that is cleaved in the endoplasmic reticulum (Aalberse 2000).  On 

the DNA level, there are sequence homologies that transverse species lines, allowing 

allergens to be placed in different groups.  Such homologous allergens do result in cross-

sensitization in allergic patients.  For example, a patient allergic to a specific allergen will 

most likely be allergic to a different allergen within the same group.  All cross-reactive 

proteins have similar structures and folds, but the opposite is not true.  Proteins with 

similar folds are not always cross-reactive.  An exception to this rule is when a particular 

allergen has been glycosylated.  Sometimes IgE epitopes exist as a part of the sugar 
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residues added to allergens post-translation.  In such instances, two allergens could have 

completely different structures, but their glycan residues could cause them to be cross-

reactive.  Most of the time a 70% sequence identity is necessary for cross-reactivities 

between two allergens (Aalberse 2000).  Cross-reactivities can also account for co-

sensitization among individuals.  For example, one specific allergen could be responsible 

for sensitizing an individual to other allergen sources if they are cross-reactive.  A good 

case for this is cross-reactivities between plant and food allergies, in which a pollen 

allergen causes the primary sensitization, and an allergic reaction to food is a result of the 

cross-reactivity (Valenta and others 1996).  Hoffman-Sommergruber and others found 

that a food allergy to celery is initially sensitized by a birch pollen allergen, Bet v 1, both 

of which are cross-reactive allergens (Hoffman-Sommergruber and others 1999). 

 
Biological Functions of Allergens 

 Researchers have struggled to find a common biological function for allergens, 

but in truth there is no one function among them.  However, most allergens do serve a 

purpose within their host, and those within the same group have similar functions.   Some 

allergens are protease inhibitors, having the ability to inhibit proteolytic enzymes of 

invading microorganisms and insects.  An example of a protease inhibitor is the minor 

allergen from soybean which was shown to be a trypsin inhibitor (Moroz and Lang 

1980).  Other allergens are peroxidases, which are responsible for growth, 

developmental, and defense processes within higher plants.  Allergens found in wheat 

and barley have been identified as a peroxidases (Sanchez-Monge and others 1997).  A 

relatively large group of allergens are recognized as profilins, actin-binding proteins 

involved in cytoskeletal organization.  The first allergen to be recognized as a profilin 
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was Bet v 2 from birch pollen.  Because this group of allergens is so large, individuals 

who have been sensitized to a profilin allergen, such as Bet v 2, will often react to a broad 

range of such allergens due to co-sensitization (Valenta and others 1992).  Yet another 

biological function of some allergens is protease activity.  Both Der p 1 and Der f 1 from 

house dust mites have thiol protease activity (Best and others 2000).  Other allergen 

protein functions include seed storage proteins, such as Sin a 1 of yellow mustard 

(Menendez-Arias and others 1988), and lectins (plant agglutinins), such as peanut 

agglutinin (Burks and others 1995). 

 Another important group of allergens are the pectate lyases.  Pectate lyases cleave 

the α-1,4 glycosidic bond of pectate, the major component of plant cell walls.  Such 

enzymes have been shown to be involved in the soft-rotting disease of plant food crops 

(Keen and others 1984).  It is believed that pectate lyase in pollen proteins may be 

present to aid in pollen tube growth during pollination.  The enzyme may also be 

responsible for the degradation of the pistil of female flowers (McCormick 1991).  The 

major allergen of Japanese cedar, Cry j 1, has been shown to have pectate lyase activity 

(Taniguchi and others 1995).  A pectate lyase active site has been identified in several 

other cross-reactive allergens such as Cup a 1 from Arizona cypress, Cry j 1 from 

Japanese cedar, Cha o 1 from Japanese cypress, and Jun a 1 from mountain cedar 

(Midoro-Horiuti and others 1999a; Panzani and others 1986).  However, pectate lyase 

activity has not been determined for these to date, although it may exist at low levels. 

 Many allergens function as pathogenesis-related proteins (PR proteins), where 

they serve to protect the plant against foreign invaders such as viruses, fungi, and 

bacteria.  Because plants do not have immune systems, they must have such proteins to 
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aid in defense mechanisms (van Loon and van Strien 1999).  PR proteins are also 

produced when the plant comes in contact with environmental stresses such as freezing, 

drought, flooding, ultraviolent light and even upon mechanical injury (van Loon and van 

Strien 1999).  PR proteins were first discovered in tobacco plants that exhibited a 

hypersensitivity response when infected with tobacco mosaic virus (van Loon and Van 

Strien 1970).  Such proteins will bind to the virus to prevent its spread throughout the 

tobacco plant.  PR-proteins share many commonalities: low molecular weight, stability at 

low pH, and resistance to proteases (van Loon and others 1994).  However, these proteins 

can be subdivided further into categories based on their amino acid sequences and 

specific functions, such as enzymatic activity.  Currently 14 groups of PR-proteins are 

recognized, and half of these groups contain allergens, specifically groups 2, 3, 4, 5, 8, 

10, and 14 (Midoro-Horiuti and others 2001; van Loon and van Strien 1999).  The precise 

mechanisms of PR-proteins are unknown, although there are theories as to how certain 

PR-protein groups function.  Table 1.1 lists the function and a representative allergen 

from each of the allergen-containing PR groups. 

 
Mountain Cedar Allergy and PR-5 Proteins 

 
 Pollen from mountain cedar (Coniferales order, Cupressaceae family, species 

Juniperus ashei) is a main aeroallergen that causes allergic rhinitis in hypersensitive 

individuals throughout the United States.  In particular, hypersensitive individuals in 

south central Texas are greatly affected by mountain cedar, and an increase in morbidity 

is evident during the months of pollination, late December through March (Schweitz and 

others 2000).  Midoro-Horiuti and others have isolated and cloned two of the protein 

allergens of J. ashei, Jun a 1 and Jun a 3, the latter of which will be the main focus of this 
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Table 1.1   Families of PR-proteins Containing Allergens 
 

 
Family 

 
Function 

Representative 
Allergen 

 
Source 

 
Species 

 
PR-2 

 
Β-1,3-glucanase 

 
Hev b 2 

 
Rubber, latex 

 
Hevea 

brasiliensis 
 

PR-3 
 

Chitinase, antifungal 
 

Pers a 1 
 

Avocado 
 

Persea 
americana 

 
PR-4 

 
Chitinase, antifungal 

 
Hev b 6.03 

 
Rubber, latex 

 
Hevea 

brasiliensis 
 

PR-5 
 

Antifungal 
 

Jun a 3 
 

Cedar pollen 
 

Juniperus 
ashei 

 
PR-8 

 
Chitinase 

 
Hevamine 

 
Rubber, latex 

 
Hevea 

brasiliensis 
 

PR-10 
 

Ribonuclease 
 

Bet v 1 
 

Birch pollen 
 

Betula 
verrucosa 

 
PR-14 

 
Lipid-transfer protein 

 
Mal d 3 

 
Apple 

 
Malus 

domestica 
 
 
dissertation (Midoro-Horiuti and others 1999a; Midoro-Horiuti and others 2000).  Jun a 3 

is a 30 kDa protein with isoelectric points of 4.9 and 6.1.  The actual coding region spans 

597 base pairs and codes for the 199 amino acid protein.  There is a 26 amino acid signal 

peptide that is cleaved to form the mature protein.  Jun a 3 has a single glycosylation site 

at amino acid N162YS (Midoro-Horiuti and others 2000).  In addition to its isolation and 

cloning, the three major IgE epitopes of Jun a 3 have been identified (Figure 1.3).  

Structural studies indicate that these epitopes are located within the C-terminal region, 

specifically amino acids 120-165.  Further work mapped these epitopes to amino acids 

120-131, 132-145, and 152-165 (Soman and others 2000).  IgE epitopes can either be 

continuous or discontinuous; continuous epitopes consist of a row of consecutive amino 
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acids where discontinuous epitopes result when nonconsecutive amino acids are brought 

together by the folding of the protein.  To date, only continuous IgE epitopes have been 

determined for Jun a 3 (Soman and others 2000). 

  

 

Figure 1.3  Jun a 3 IgE Epitopes  
(Soman and others 2000) 

 
 

 Midoro-Horiuti and colleagues also found that Jun a 3 was homologous to a group 

of PR proteins, specifically those belonging to group 5 (PR-5) (Midoro-Horiuti and 

others 2000).  Some examples of non-allergen PR-5 proteins include osmotin from 

tobacco (Abad and others 1996), zeamatin from maize (Roberts and Selitrennikoff 1990), 

and thaumatin from Thaumatococcus daniellii, a plant native to tropical West Africa 

known for its sweet taste (van der Wel and Loeve 1972).  Some PR-5 proteins are called 

thaumatin-like proteins due to their amino acid sequence similarity (Cornelissen and 

others 1986) and structural similarity (Batalia and others 1996) with thaumatin, although 

many of these thaumatin-like PR-5 proteins lack a sweet taste.  The first allergen 

recognized as a PR-5 protein was Mal d 2 from apple (Malus domestica), which is 
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homologous to Jun a 3 (Hsieh and others 1995).  Since then, other allergens have also 

been identified as PR-5 proteins with homology to Jun a 3 such as Pru av 2 from cherry 

(Cortegano and others 2004; Inschlag and others 1998; Jensen-Jarolim and others 1998), 

Cap a 1 from paprika/bell pepper (Cortegano and others 2004; Inschlag and others 1998; 

Jensen-Jarolim and others 1998), and Cup a 3 from cypress (Cortegano and others 2004; 

Inschlag and others 1998; Jensen-Jarolim and others 1998).  Because PR-proteins are 

expressed in response to environmental stressors, PR-protein allergens have been shown 

to have variable expression.  For example, the level of Jun a 3 expressed in mountain 

cedar pollen varies widely (Midoro-Horiuti and others 2000).  Thus, environmental 

conditions could enhance the expression of these allergens.   

 Many PR-5 proteins are potent antifungal proteins; both zeamatin and osmotin 

have been characterized as antifungal (Abad and others 1996; Roberts and Selitrennikoff 

1990).  Interestingly, thaumatin has not been shown to have antifungal activity (van der 

Wel and Loeve 1972), and others with similar structure lack such activity as well (Barre 

and others 2000).  The reasons for such differences in activity are not known.  To date, 

the only PR-5 allergen that has been shown to have antifungal activity is the apple 

allergen, Mal d 2 (Krebitz and others 2003).   

 Although the precise mechanism for PR-5 antifungal activity is not well 

understood, Roberts and colleagues found that the PR-5 protein, permatin, causes hyphal 

rupture leading the researchers to believe that the mechanism of action is the formation of 

transmembrane pores (permeabilization) in the fungal cell.  This permeabilization may 

promote the leakage of fungal intracellular components (Roberts and Selitrennikoff 

1990).  PR-5 proteins may also have glucanase activity, which could aid in 
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permeabilization.  The PR-5 protein, osmotin, has been shown to bind β-1,3-glucans 

(Osmond and others 2001; Trudel and others 1998), and β-1,3-glucans are found on the 

cell surface of fungi, so it is possible that these serve as recognition factors for PR-5 

proteins (Grenier and others 1999).  

 Some PR-5 proteins even exhibit a synergistic effect when combined with other 

antifungal drugs.  Zeamatin inhibits the human pathogen, Candida albicans, but only at 

very high concentrations.  However, much lower concentrations of zeamatin inhibited 

growth when coupled with subinhibitory concentrations of nikkomycin Z, a popular 

antifungal drug.  High concentrations of zeamatin alone promote cell death via the 

permeabilization mechanism; however, lower concentrations do not cause death directly 

but interact with the membrane to aid penetration by nikkomycin Z, thus the synergistic 

effect (Roberts and Selitrennikoff 1988).  Stevens and others were able to show this 

synergy in vivo with mice treated with Candida vaginitis.  Treatment with zeamatin alone 

was ineffective, and nikkomycin Z was effective only with multiple daily doses.  

However, zeamatin enhanced the efficacy of nikkomycin Z when given in combination 

(Stevens and others 2002). 

 
Cypress Pollen Allergy 

 Allergy as a result of Italian cypress, Cupressus sempervirens, is a significant 

problem in some countries bordering the Mediterranean, especially France and Italy and 

even in South America during the pollination months of February through March.  The 

major pollen allergen, a 42 kDa protein, has been identified as Cup s 1 (Ford and others 

1991).    There is a great deal of homology and cross-reactivity, 75-90%, between Cup s 1 

and several other pollen allergens, such as Cup a 1 (Cupressus arizonica, Arizona 
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cypress), Cry j 1 (Cryptomeria japonica, Japanese cedar), Cha o 1 (Chamaecyparis 

obtuse, Japanese cypress), and Jun a 1 (Juniperus ashei, mountain cedar) (Midoro-Horiuti 

and others 1999a; Panzani and others 1986).  Although a biological function for Cup s 1 

has not been proven, its homologous counterparts could provide clues.  All of the above 

mentioned allergens have been shown to have an enzymatic site which resembles a 

pectate lyase; however, the only one to date that has been proven to have such activity is 

Cry j 1 (Taniguchi and others 1995).  Because of the high degree of cross-reactivity 

between these allergens, many believe they all may have some level of pectate lyase 

activity, although it may be low. 

 
Allergy Therapy and Treatment 

 Although the symptoms of allergic disease can be treated with various 

medications such as anti-histamines and anti-leukotrienes, specific immunotherapy (SIT) 

is the only causative therapy (Bousquet and others 1998).  SIT involves the 

administration of increasing doses of allergen-containing extracts in the form of 

subcutaneous injections over a period of time in an effort to suppress the immune 

reaction to the allergen.  This therapy was first described by Noon and colleagues in 1911 

where they demonstrated that protection lasted for at least one year after the treatment 

was discontinued (Noon and Cantab 1911).  The goal of SIT is to desensitize the immune 

system.  This desensitization switches the allergic Th2 response to a normal Th1 

response, which results in an increase in the IgG to IgE ratio, and thus inhibits the release 

of chemical mediators.   

 Since Noon’s first allergy immunotherapy, researchers have struggled to define 

the mechanisms behind its success.  Although much has been discovered as to how SIT 
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functions, the underlying immunological mechanisms remain a mystery.  However, the 

end results of SIT are obvious.  In 1935, Cooke and others discovered that SIT causes 

those who have been treated to exhibit high levels of blocking IgG antibodies which 

compete with IgE for binding to the allergen (Cooke and others 1935).  SIT has also been 

shown to cause a reduction in the concentration of chemical mediators; Creticos and 

others found that immunotherapy in ragweed sensitive patients inhibited the immediate 

release of mast cell mediators (Creticos and others 1985).  Treated patients also exhibit a 

decreased number of mast cells and eosinophils in target tissues (Furin and others 1991).  

In addition, SIT results in a reduction of allergen-specific T-cells and a decrease in their 

IL-4 production (O'Brien and others 1997).   

 Although SIT is not fully understood, there are many ideas behind how SIT 

works.  SIT causes a switch from a Th2 response to a Th1 response.  As a result, there is 

a decrease of eosinophil activation as well as an actual increase in Th1 cells following 

SIT (Durham and others 1996).  Following immunotherapy, allergen-specific T-cells had 

a decrease in IL-4 production and IFN-γ secretion either remained the same (Secrist and 

others 1993) or else it increased (Jutel and others 1995).  The switch to a Th1 response 

causes the production of IgG blocking antibodies, which was first proposed by Cooke and 

colleagues in 1935.  These researchers were able to cure the allergic symptoms in a 

ragweed-allergic patient by transfusion of blood from a patient who had received 

successful ragweed immunotherapy.  This led them to believe that “blocking allergen-

specific IgG antibodies” were responsible for the alleviation of allergy symptoms (Cooke 

and others 1935).  These IgG antibodies compete with IgE antibodies for binding sites on 

the allergen.  If IgE doesn’t bind, there is no cross-linking of the FcεRI receptors, 
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preventing degranulation of the effector cells.  Thus, there is no release of chemical 

mediators that cause the symptoms of allergic disease.  More recent studies support 

Cooke’s idea as well; Aalberse and others were able to show that prolonged 

immunotherapy specifically induced IgG1 and IgG4 responses to the allergen (Aalberse 

and others 1983).  Ball and others studied patients with grass allergy, who showed little 

or no IgG reactivity to the allergen prior to SIT.  However, after SIT the levels of IgG1, 

IgG4, and IgG2 were significantly increased (Ball and others 1999).     

 Although injection immunotherapy has improved the quality of life for many 

people, it still leaves a lot to be desired in allergen therapy, especially in cedar 

hypersensitive patients where only 30% of patients respond after two years of weekly 

injections.  The main problem with SIT is that injections are composed of natural allergen 

extracts, and because these are biologically active compounds, very low concentrations 

must be given over a long period of time to ensure the patient does not have a severe 

allergic reaction.  Even at these low doses, patients often develop local and systemic 

allergic reactions ranging from acute allergic responses, such as urticaria, to more severe 

responses like asthma attacks and anaphylactic shock (Valenta and others 1999b).  

Another major disadvantage of current SIT is that the allergen extracts are hard to 

standardize as they contain mixtures of allergenic and non-allergenic compounds.  The 

composition of these mixtures varies from extract to extract causing there to be little 

consistency between them.  There are hundreds of non-standardized extracts still used in 

the United States, and these are slow to become standardized (Slater 2004).  What is even 

worse about these crude extracts is that the patient could become sensitized to the other 

components within the extract that they initially were not allergic to (Ball and others 
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1999).  For example, an extract of mountain cedar pollen will contain both allergenic 

proteins, Jun a 1 and Jun a 3.  Some individuals are only allergic to one of these, but upon 

injection of the extract, they could become sensitized to the other protein, which could 

increase the individual’s allergy symptoms.   

 
T-cell Peptide Therapy  

 Due to the many inadequacies of SIT, much research has been conducted on ways 

to improve the current SIT by targeting various steps within the immune response 

pathway.  Perhaps one of the more researched potential therapies is the administration of 

peptides that only contain T-cell epitopes in an effort to promote a Th1 response.  T-cell 

epitopes are the small peptides that result from digestion of the allergen by the antigen 

presenting cells.  Because T-cell epitopes are distinct from IgE epitopes, the former 

would not be able to crosslink the IgE receptors, and therefore would not cause the 

release of chemical mediators and thus an allergic reaction.  The theory is that the 

administration of T-cell epitopes would alleviate the symptoms of allergy as current SIT 

does; however, it would not use intact, biologically active molecules that could result in 

anaphylactic shock, and one would not have to worry about becoming sensitized to other 

components within an extract.  Also, higher dosages over a shorter period of time could 

be given in an effort to increase the success rate of current therapy. 

 The results of T-cell epitope therapy are mixed, which can be seen in two 

different studies involving the bee venom allergen, phospholipase A2, and the major cat 

allergen, Fel d 1.  Those treated with phospholipase A2 T-cell epitopes showed an 

increase in IgG4 antibodies, and thus an improvement of symptoms (Muller and others 

1998).  Some success was also seen using T-cell epitopes specific for Fel d 1, which 
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showed a reduction in IL-4 release by cultured peripheral-blood mononuclear cells from 

treated patients (Pene and others 1998).  However, other studies with Fel d 1 T-cell 

epitopes show no effects on cytokine production (Simons and others 1996).  A particular 

negative side effect was seen in clinical trials in which the Fel d 1 peptides produced late-

phase reactions, such as asthma, in one-third of patients with some even developing signs 

of anaphylactic shock (Norman and others 1996). 

 Another drawback of T-cell epitope therapy lies in the large number of peptides 

that would be required to treat all atopic patients.  Because there is much diversity in 

MHC and T-cell receptors among individuals, patients would respond differently to the 

T-cell epitope peptides.  Another disadvantage of this therapy is that even though allergen 

specific T-cells may be modulated, other allergic responses may still occur.  IgE 

production could be a memory response, so memory B-cells in allergic individuals may 

continue to produce IgE.  Researchers also believe that T-cell epitope peptides would 

have a short half-life within the body (Valenta and others 1999b).   

 
IgE Hapten Therapy  

 Another form of SIT that has been investigated is the use of IgE haptens.  Haptens 

are small peptides, approximately fifteen amino acids, which contain only one IgE 

epitope.  These are generated through proteolytic fragmentation of allergens.  During an 

allergic response, in order for the IgE receptors to crosslink, they must be bound to more 

than one IgE epitope.  Because these haptens only contain one epitope, the IgE receptors 

are unable to crosslink, and therefore, no allergic response can occur (Valenta and others 

2002).  As a therapeutic approach, these haptens could be used to treat allergy symptoms 

by blocking the release of chemical mediators; they work by saturating the effector cells, 
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preventing degranulation of these cells.  IgE haptens could also be used as a vaccination 

strategy in an effort to induce an immunological tolerance (Valenta and others 1999b).  

Ball and others created recombinant IgE haptens for the major grass pollen allergen, Phl 

p 1, which prevented the release of histamine from basophils of most grass pollen allergic 

patients (Ball and others 1994).  Similar to IgE haptens are mimotopes, which are phage 

clones that express IgE binding site peptides.  Because they mimic the binding sites for 

only one IgE epitope, no cross-linking can occur of the IgE receptors, which promotes 

blocking antibody protection against IgE (Ganglberger and others 2000).  In theory, IgE 

haptens and mimotopes would be easy to create for continuous allergen epitopes; 

however, the major drawback is the difficult task of creating discontinuous epitopes 

which could require complicated folding strategies. 

 
DNA-Based Therapies  

 DNA-based therapies have also been explored, where allergen-encoding DNA 

serves as a vaccine.  It has been shown that this can induce an allergen-specific Th1 

response as opposed to a Th2 response upon allergen contact, and allergen-encoding 

DNA may also aid in decreasing allergy related symptoms in those individuals already 

sensitized (Raz and others 1996).  Oftentimes the allergen-encoding DNA contains CpG 

motifs, composed of a central non-methylated CG oligonucleotide flanked by less highly 

conserved sequences, in an effort to stimulate the Th1 response (Valenta and others 

2002). 
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Cytokine and Anti-IgE Therapies 

 Some clinical trials have evaluated the use of administering cytokines that favor a 

Th1 response, such as IL-10 and IL-12, in an effort to switch the IgE-producing allergic 

response.  In particular, one study observed the results of giving patients IL-12.  The 

immediate symptoms of allergy were reduced, but there was not a significant effect on 

the late asthmatic symptoms.  In addition, adverse side effects accompanied the 

administration of IL-12, such as flu-like symptoms and arrhythmias (Bryan and others 

2000). 

 Other studies have focused on the injection of allergen cytokine inhibitors, but 

with limited success.  Stokes and colleagues gave atopic patients injections of IL-4 

receptors in an attempt to tie up the allergenic IL-4 cytokine and prevent its action on B-

cells.  The results were disappointing as the cytokine receptor was not shown to be 

effective (Stokes and Casale 2004). 

 Showing more success are anti-IgE based therapies, in which the patient is given 

recombinant humanized monoclonal anti-IgE.  The antibody binds to free IgE, preventing 

its binding and subsequent cross-linking of IgE receptors.  This “drug” rapidly reduces 

the amount of free IgE in the system and reduces the number and incidence of asthma 

exacerbations.  Some studies have revealed that the activation of T-cells alone may be 

sufficient to initiate airway reactions in sensitized individuals, thereby limiting the 

efficacy of anti-IgE therapy (Stokes and Casale 2004).   

  
Hypoallergenic Immunotherapy  
 
 Many allergens exist naturally in various isoforms that differ only by a few amino 

acids, and some of these isoforms have reduced IgE binding capacities.  Examples of 
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allergens with hypoallergenic isoforms are hazel pollen (Cor a 1) and birch pollen (Bet v 

1) (Breiteneder and others 1993; Swoboda and others 1995).  Such allergens could be 

used for SIT; they would still contain the necessary T-cell epitopes to induce Th1 

responses, yet they would have a reduced chance of causing allergic reaction.  However, 

using natural hypoallergenic variants would not circumvent the problems associated with 

crude extracts.  The idea of hypoallergenic isoforms, along with the advent of 

recombinant DNA technology, has led researchers to consider the development of 

recombinant allergens that have reduced IgE binding.  Recombinant allergens were first 

created in an effort to determine their molecular properties such as IgE and T-cell 

epitopes, as well as to reveal the mechanisms behind Type I allergy.  However, scientists 

discovered how well they mimicked their natural counterparts, and thus they were 

considered for therapy (Valenta and others 2002).   

 One way to generate an allergen with reduced IgE binding capacity is to create 

point mutations within the protein.  Single point mutations within the actual IgE epitope 

can result in a hypoallergenic molecule as demonstrated with the major ryegrass pollen 

allergen, Lol p 5 (Swoboda and others 2002).  Mutations outside of the IgE epitopes can 

also be created to hinder the folding of the allergen, causing a disruption in the 

discontinuous epitopes.  Mutations at cysteine residues result in the destruction of 

disulfide bonds, which will also interrupt the protein folding.  Deletions of several amino 

acids will also yield an allergen with reduced IgE binding as seen in the variants of the 

timothy grass pollen allergen, Phl p 5 (Schramm and others 1999). 

 In addition to point mutations, partial allergen fragments can be created which 

will disrupt the protein folding.  One allergen that has worked well with such 
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fragmentation is the major birch pollen allergen, Bet v 1, whose IgE epitopes are mainly 

conformational or discontinuous.  Vrtala and colleagues created two Bet v 1 fragments; 

one consisted of amino acids 1-74 and the other consisted of amino acids 75-160.  These 

were expressed as recombinant allergens in E. coli.  When tested against allergic patient 

sera, the fragments lost most of the IgE binding due to a loss of the folded structure.  

When mice and rabbits were immunized with the fragments, IgG antibodies were induced 

which recognized the native Bet v 1 and inhibited the binding of the animal’s IgE to a 

wild type Bet v 1 (Vrtala and others 2000; Vrtala and others 1997). 

 If successful hypoallergenic derivatives were created for SIT, it is thought that 

these could one day be use for prophylactic vaccination.  This involves vaccination 

against allergy before the initial sensitization has occurred.  If given early in life, it could 

prevent the development of allergy (Valenta and others 1999b). 

   Although current immunotherapy has brought relief to many allergic individuals, 

it still leaves much to be desired.  Researchers continue to seek out new therapies that 

will have higher success rates without harmful side effects.  While therapies such as T-

cell epitopes, IgE haptens, and DNA-based vaccines show signs of promise, there are 

drawbacks to each.  The development of hypoallergenic allergens seems to be moving 

forward in the fight against allergic disease; however, such a therapy requires the ability 

to express recombinant allergens. 

 
Recombinant Allergens 

 
 As knowledge of allergic disease and potential therapies has grown, the need for 

recombinant allergens has done likewise.  Although there are many reasons for this need, 

the most important is to overcome the inadequacies of current immunotherapy.  
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Recombinant allergens would allow SIT to be performed with pure allergens as opposed 

to the natural crude extracts currently used.  This would allow the injections to be 

standardized such that the exact amount of allergen would be present from batch to batch.  

High quality recombinant allergens could be produced in unlimited quantities at 

reasonable costs.  Using pure recombinant allergens for SIT would also prevent an 

individual from becoming sensitized to new components within an extract.  A novel 

immunotherapy has been proposed by Valenta and others, component-resolved 

immunotherapy (CRIT), that utilizes the administration of recombinant allergens.  The 

immunological mechanisms behind CRIT are the same as current immunotherapy: 

switching the Th2 response to a Th1 response and thereby inducing IgG blocking 

antibodies.  However, CRIT would use recombinant allergens to create vaccines that 

were tailored to a patient’s reactivity profile (Valenta and others 1999a).  If a patient were 

only allergic to one particular allergen within an extract, only that allergen would be 

administered for immunotherapy in the form of a recombinant allergen.   

 Obviously it can be dangerous to inject pure allergen molecules into an 

individual; if care is not taken, anaphylactic shock could result, which could be deadly.  

To circumvent such harmful side effects, genetically engineered hypoallergenic 

recombinant allergens could be used to reduce the IgE binding, preventing the release of 

chemical mediators.  In addition, if the recombinant allergen were hypoallergenic, higher 

doses could be given over a shorter period of time, thereby eliciting tolerance with fewer 

injections.   

 Due to the many structural similarities and cross-reactivities that exist among 

allergen molecules, it is also possible that just a few recombinant allergens could 
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represent the IgE epitopes of several allergens.  Therefore, a few cross-reactive 

recombinant allergens could be administered that would represent many of the common 

allergens (Valenta and others 1999a).       

 Another advantage for the production and use of recombinant allergens is for the 

purpose of diagnosis of allergic disease.  Current diagnoses uses crude allergen extracts 

administered by skin prick tests (SPT), or the extract is injected intradermally (IDT).  A 

positive test is indicated by redness and swelling, often called a wheal-and-flare response, 

where the extract was introduced.  Similar to current immunotherapy, the problem lies in 

the use of a crude extract.  It cannot be determined which component in the extract the 

patient is allergic to.  In other words, recombinant allergens allow for the identification of 

the allergen-eliciting molecule whereas extracts can only identify the allergen source.  

For example, diagnosis with crude extracts could only tell you that an individual has a 

grass allergy, but recombinant allergen testing could tell you that the patient is 

specifically allergic to Phl p 5.  The use of recombinant allergens for such diagnosis is 

known as component-resolved diagnosis (CRD).  The recombinant allergens could be 

used to determine a patient’s reactivity profile in one of two ways.  As an in vitro 

technique, serum could be taken from the individual and combined with the specific 

recombinant allergen to be tested to determine if there is any allergen specific IgE within 

the serum.  Alternatively, an in vivo technique would be similar to current skin 

provocation testing, except the recombinant allergen would be applied rather than the 

crude extract (Valenta and others 1999a).  Recombinant allergens for the major birch 

pollen allergen, Bet v 1, were successful in diagnosis when used for in vivo skin testing.  

Allergic and non-allergic patients were diagnosed with natural extracts, and the results 
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were compared to those diagnosed with the recombinant allergens.  The recombinant Bet 

v 1 proved to be specific, showing no false positives, and 87% of patients that had a 

positive diagnosis with conventional skin prick tests also had a positive response with the 

recombinant Bet v 1.  It is possible that the 13% that responded to crude extracts and not 

the recombinant were responding to other components within the extract and not 

specifically Bet v 1.  This study demonstrated that recombinant allergens exhibit in vivo 

reactivity equivalent to their natural counterparts (Menz and others 1996; Pauli and others 

1996). 

 Component-resolved diagnosis could also take advantage of the cross-reactivities 

among allergens.  In this way, one recombinant allergen could represent several cross-

reactive allergens, thereby decreasing the number of allergens that an individual needs to 

be tested for.  Recently, CRD has been combined with microarray technology for the 

purpose of allergy testing.  Close to a hundred recombinant allergens from the most 

common disease-eliciting sources were immobilized via microarray technology.  Sera 

from individuals could then be applied to determine the IgE reactivity profiles of patients. 

Using this technique, allergy diagnosis would eliminate the need for skin prick tests, and 

minute amounts of sera would be required (Hiller and others 2002). 

 Although the primary justification for recombinant allergens is for the use of 

component-resolved immunotherapy and component-resolved diagnosis, there are several 

other important factors that increase the need for these genetically engineered allergens.  

These allergens, unlike their natural counterparts, are pure enough and can be produced 

in high enough quantities to allow for three-dimensional structures with the use of X-ray 

crystallography.  Knowledge of allergen structure would provide information about 
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epitopes and thus a better understanding of the immune response.  Valuable information 

could be gained by looking at the relationship between the structure and biological 

function of an allergen (Kraft 1999). 

 To date, no recombinant allergen has been approved for human use in the United 

States.  In order to gain approval, several important goals must be met.  First of all, the 

U.S. Food and Drug Administration must recognize that recombinant allergens are a real 

clinical need.  This may be hard, seeing as there is currently a therapy for allergic disease, 

although it is not very efficient.  Secondly, their safety and efficacy must be determined.  

Biological activity and toxicity must be evaluated in animal studies, and then in human 

clinical trials.  The latter requires the FDA’s Investigational New Drug application to be 

accepted.  Then the recombinant allergens will go through three phases of research in 

which dosages will be established along with drug efficacy (Slater 2004).   

 
Expression Systems for the Production of Recombinant Allergens 

 In order to produce recombinant allergens for allergen therapy, it is necessary to 

find an appropriate expression system that will yield an engineered allergen that 

resembles its natural form as closely as possible.  There are several different types of 

expression systems that have been used to produce proteins in general.  Bacteria, plants, 

yeasts, insect cells, and mammalian cells have all been utilized for the purpose of 

expressing recombinant allergens.  Each system has its own set of advantages and 

disadvantages, but the deciding factor for the best system is dependent on the type of 

allergen that is to be expressed. 
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Bacterial Expression Systems 

 The oldest and most common expression system utilizes bacteria such as E. coli 

and is generally quite successful.  Several recombinant allergens have been produced in 

bacteria with correct folding and biological activity (Table 1.2).  Bacterial systems are 

inexpensive and relatively easy to handle.  Many commercially available expression 

vectors have been developed for this system, and many have options for creating fusion 

proteins and incorporating tags into the protein of interest.  However, the main drawback 

of bacterial expression systems is the unwanted development of inclusion bodies, which 

are insoluble aggregates of the protein.  Proteins found in inclusion bodies are not folded 

correctly and thus are biologically inactive.  Sometimes these proteins can be refolded 

through a series of renaturation techniques; however, if there is success with this, the 

yield is generally low, and the process is time-consuming (Schmidt and Hoffman 2002).  

Bacteria also lack the ability to perform post-translational modifications, such as 

glycosylation, which are often critical for the folding of plant proteins.  Oftentimes, 

important allergen epitopes include sugar residues that would not be found on 

recombinant allergens expressed in E. coli.  Thus, these allergens would not be good 

models of their natural counterparts.  For example, the native timothy grass pollen 

allergen, Phl p 13, exists as a highly glycosylated protein.  This particular allergen binds 

sera of about 50% of grass pollen allergic patients; however, a form lacking glycosylation 

binds only 21% of the patient sera (Suck and others 2000).   Of the few recombinant 

allergens that have been expressed as soluble proteins in bacteria, many show lost or 

reduced IgE binding when compared to the native form (Laffer and others 1996).  

Bacterial expression systems remain the first choice for expressing recombinant allergens 
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because of their ease of use and low cost.  However, most likely a different system will 

be necessary to ensure proper folding, good yields, and the necessary post-translational 

modifications. 

Table 1.2  Common Recombinant Allergens Expressed in E. coli 
 

Allergen Source Remarks Reference 

Bet v 1 Birch pollen Varying IgE 

 binding activity 

(Swoboda and others 1995) 

Cor a 1 Hazel pollen Varying IgE 

 binding activity 

(Breiteneder and others 1993) 

Bla g 4 Cockroach Low yield (Vailes and others 1998) 

Fel d 1 Cat dander Refolding required  

to bind IgE 

(Rogers and others 1993) 

Cyn d 1 Bermuda 
grass pollen 

No IgE binding activity (Smith and others 1996) 

 

Yeast Expression Systems 

 Due to the disadvantages of prokaryotic expression systems, such as inclusion 

bodies, low yield, and lack of glycosylation, eukaryotic expression systems are often 

employed to overcome these.  Eukaryotes have the ability to incorporate post-

translational modifications, such as the processing of signal peptides, disulfide bond 

formation, and glycosylation.  Yeasts provide a eukaryotic system capable of these 

modifications, and they also exhibit many of the advantageous features seen in bacterial 

systems.  These single-celled eukaryotes have rapid growth for high expression levels, in 

as little as 24 hours, and the cost of media and reagents is low as with bacteria.  Yeast 
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expression systems are relatively easy to manipulate, and many commercial vectors are 

available as well, making them attractive for foreign protein production.  The major 

drawback of this system is that yeasts, particularly S. cerevisiae, have a tendency to 

hyperglycosylate proteins.  This can cause much longer carbohydrate chains to be added 

than found in the native protein.  Also, proteins that are natively not glycosylated could 

be glycosylated by yeast.  Another drawback of the glycosylation pattern is that they 

would not be able to incorporate plant-specific sugars such as xylose and fucose in the 

glycan chains, which would be important if using yeasts for the expression of plant 

allergens (Lin Cereghino and others 2001).  Another advantage of the yeast expression 

system is the lack of endotoxins, which would allow expressed proteins to be used for 

producing vaccines or therapeutic drugs.   

 There are two main types of yeasts that are used for protein expression, 

Saccharomyces cerevisiae and Pichia pastoris.  Only a few recombinant allergens have 

been expressed in S. cerevisiae (Table 1.3) because although this yeast will perform the 

necessary post-translational modifications, it is known for hyperglycosylating the 

proteins (Schmidt and Hoffman 2002).  S. cerevisiae is also only capable of adding high 

mannose N-glycan residues, a drawback for recombinant proteins that need O-linked 

glycosylation.  The methylotrophic yeast, Pichia pastoris, overcomes these problems and 

has replaced S. cerevisiae as the common yeast expression system.   

 P. pastoris has a lower incidence of hyperglycosylating recombinant proteins as 

compared to S. cerevisiae.  It is also capable of adding both N-linked and O-linked sugar 

residues (Lin Cereghino and others 2002).  This system has several vectors available, and 

the commercially available expression system can be purchased from Invitrogen.  Over 
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120 heterologous proteins have been expressed in P. pastoris, most of which were human 

or mammalian.  Proteins can be expressed either intracellularly or extracellularly, 

depending on the vector used.  Oftentimes, extracellular secretion is favored; P. pastoris 

secretes very few of its own native proteins, thereby making purification of a foreign 

protein much easier if it is secreted.  The use of signal peptides facilitates the secretion of 

the foreign protein.  Such sequences can be native to the protein of interest, or they can 

be a yeast specific signal that is fused to the protein.  The results vary as to which 

sequence will promote protein expression and secretion, and it is often protein specific.  

High yields can be obtained with this system, usually in the range of 5-200 milligrams 

per liter, which can overcome the low yields obtained with E. coli when inclusion bodies 

occur (Schmidt and Hoffman 2002).  The major cockroach allergen, Bla g 4, was 

expressed in both E. coli and P. pastoris.  The immunogenicity was comparable in both 

instances; however, Bla g 4 yielded 50 milligrams per liter when expressed in P. pastoris, 

but only 0.25 milligrams per liter when expressed in E. coli (Vailes and others 1998). 

 Many allergens have been expressed in this system; Table 1.3 describes only a 

few of these.  Every foreign protein behaves differently in this system, and there is no 

way to predict how close the recombinant allergen will resemble the native.  For 

example, when expressed in P. pastoris, the house dust mite allergen, Der p 1, was 

hyperglycosylated with decreased IgE binding activity, and a low level of histamine was 

released from basophils when challenged with it.  Researchers believe the 

hyperglycosylation caused this low immunoreactivity (Chua and others 1992; van Oort 

and others 2002).  On the other hand, expression of Cyn d 1, the Bermuda grass pollen 

allergen, in the P. pastoris system was successful, and an immunoreactive protein was 
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produced.  However, when expressed in E. coli, Cyn d 1 was not able to bind IgE (Smith 

and others 1996).   

 
Table 1.3  Recombinant Allergens Expressed in Yeast 

 

Yeast 
System Allergen Source Remarks Reference 

S. cerevisiae Der p 1 House dust 
mite 

Insoluble (Chua and others 1992) 

S. cerevisiae Der p 2 House dust 
mite 

IgE binding activity (Hakkaart and others 
1998) 

P. pastoris Cyn d 1 Bermuda 
grass 

IgE binding activity (Smith and others 
1996) 

P. pastoris Bla g 4 Cockroach High yield (Vailes and others 
1998) 

P. pastoris Fel d 1 Cat Recombinant very 
similar to native 

allergen 

(van Ree and others 
1999) 

P. pastoris Der p 1 House dust 
mite 

Hyperglycosylated (Jacquet and others 
2002) 

P. pastoris Der f 1 House dust 
mite 

IgE binding activity (Best and others 2000) 

P. pastoris Ole e 1 Olive tree IgE binding 
activity; correct 

processing of the 
Cys-rich protein 

(Barral and others 
2004) 

P. pastoris Jun a 3 Mountain 
cedar 

IgE binding activity (unpublished, Marcie 
Moehnke) 

 
 
 Although P. pastoris can be an efficient expression system, it is not without its 

disadvantages; low transformation efficiencies and inefficient secretion of proteins larger 

than 30 kDa are among these.  One also cannot predict if a certain recombinant protein 
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will be secreted, even with the use of various signal peptides.  Unfortunately it is a matter 

of trial and error.  Another disadvantage is that although commercially available 

expression kits are helpful, they can be expensive.   

 
Insect Cell Expression Systems 

 Since the late 1980’s, insect cells have provided a means for recombinant protein 

expression where an insect virus, baculovirus, is used as the expression vector.  The 

foreign gene of interest is cloned into the virus vector, and the insect cells are infected 

with the virus.  Insect cell expression has the advantage of using a higher eukaryote, and 

thus can include many post-translational modifications.  However, insect glycosylation 

patterns can differ from those in other eukaryotic organisms.  Many proteins have been 

expressed in this system as well as a few allergens (Table 1.4).  It is interesting to note 

that the majority of allergens produced in insect cells are insect-derived allergens.  This 

homologous system allows for similar post-translational modifications.  However, when 

the mite allergen, Der f 1, was expressed in insect cells, it had low immunogenicity as it 

only inhibited 20% of native Der f 1 binding to IgE in allergic patient sera (Shoji and 

others 1996).  The most recent allergen to be expressed is not an insect allergen.  Phl p 1, 

a timothy grass allergen, was successfully expressed in insect cells, and it was 

immunoreactive to allergic patient sera, more so than the bacterially expressed Phl p 1 

(Ball and others 2005). 

 Although insect cell expression has been successful in several instances, it is 

limited by low yields.  Baculovirus systems also require advanced techniques and 

laboratory facilities, which can be expensive.  Many media additives must also be used 

which can make protein purification difficult.  Another problem incurred with the system 
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is the lytic enzymes and proteases released from the cells when lysed to harvest proteins 

(Schmidt and Hoffman 2002). 

 
Table 1.4  Recombinant Allergens Expressed in Insect Cells 

 

Protein Source Remarks Reference 

Sol i 2 Fire ant 
venom 

Immunoreactive (Schmidt and others 
1996) 

Lep d 2 Mite allergen 

 

Immunoreactive (Olsson and others 1998)

Bee venom 
hyaluronidase 

Bee venom Immunoreactive and full 
enzymatic activity 

(Soldatova and others 
1998) 

Der f 1 Mite allergen 

 

Only 20% immunoreactive 
compared to native 

(Shoji and others 1996) 

Fel d 1 Cat allergen Immunoreactive (Ichikawa and others 
1999) 

Phl p 1 Timothy 
grass pollen 

Immunoreactive (Ball and others 2005) 

 
 
Mammalian Cell Expression Systems 

 Mammalian cells have proven to be suitable systems for the expression of several 

medically relevant proteins.  However, very few allergens have been expressed in this 

system.  The cockroach allergen, Per a 1, was produced and exhibited IgE binding to 

patient sera similar to the native (Wu and others 2000).  However, there was limited 

success with the mite allergen, ProDer p 1.  The recombinant allergen was not stable 

unless the gene was optimized for mammalian codon usage, and even then, there was low 

IgE binding activity as compared to the native allergen (Massaer and others 2001). 

 Perhaps the reason that so little work has been done with expressing allergens in 

mammalian systems is because of its many drawbacks.  Typically there is a low yield of 
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recombinant protein expression, often even lower than with baculovirus systems.  The 

media is quite expensive because of the need for fetal bovine serum, and advanced 

laboratory equipment and skills are required for this type of expression.  There is also 

concern that infectious and pathogenic agents could contaminate the cultures, making 

proteins produced in this system dangerous for pharmaceutical use.  One must also 

consider that the glycosylation pattern of mammals is different from other systems.  

Therefore, recombinant allergens that are of plant or insect origin may not resemble their 

natural counterparts if produced in mammalian cells (Schmidt and Hoffman 2002).  

 
Plant Expression Systems 

 Plant expression systems offer a solution to many of problems found in other 

expression systems.  Because over 50% of allergens are of plant origin, plants seem to be 

a logical choice for expressing recombinant allergens.  Expression in plants causes fewer 

problems with post-translational modifications and folding because as eukaryotes, plants 

are able to process their protein products with processes such as glycosylation and signal 

peptide cleavage.  This molecular farming strategy is easy to use, relatively inexpensive, 

and the yield is so high that it is capable of large-scale production, generating hundreds of 

kilograms of proteins per hectare in some instances (Moloney and Holbrook 1997).  

Recombinant proteins expressed in plants are also free of bacterial toxins, which could 

result from bacterial expression, and they are free of animal pathogens, sometimes seen 

in animal expression systems, making them suitable for pharmaceutical use.  Whole 

plants and even plant cell lines can be used as expression hosts.   

 There are two main types of plant protein expression systems: transgenic and 

transient.  Transgenic plant expression involves integrating the foreign DNA into the host 
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plant’s chromosomes.  This is accomplished with a plant pathogenic bacterium, 

Agrobacterium tumefaciens, where a portion of its tumor induction plasmid (Ti plasmid) 

is incorporated into the plant’s chromosomal DNA.  The plasmid can be engineered to 

harbor the foreign gene of interest along with strong promoters to drive the protein’s 

expression.  The major disadvantage of such a system is the time required to generate 

stable transgenic plants (Kearney and others 1994).   

 Transient expression is when the foreign gene comes from extrachromosomal 

pieces of DNA or RNA that are not inherited.  Transient expression utilizes plant viruses 

as vectors for the foreign DNA (Dawson and others 1986).  Both transgenic and transient 

plant expression systems are useful in creating recombinant allergens, but transient 

expression has several advantages over transgenic plants.  Creating transgenic plants is 

extremely time-consuming, requiring a long period of tissue culture, whereas transient 

expression vectors can result in gene expression within 48 hours.  Transient expression 

systems are also more cost-effective and allow for higher yields of proteins than 

transgenic systems.  Many different plant viruses are available for expression such as 

geminiviruses and caulimoviruses (single-stranded DNA viruses).  However, single-

stranded RNA viruses, such as tobacco mosaic virus (TMV), have proven to be the most 

effective, allowing rapid amplification of genes and thus high expression levels (Pogue 

and others 2002).  TMV virions (nucleic acid wrapped in a protein coat) can accumulate 

to 1000-3000 micrograms per gram of plant tissue (Fischer and Emans 2000).  Large 

amounts of protein are produced throughout the entire plant which can be visualized 

when green fluorescent protein is expressed in this system.  Under ultraviolet light, the 

protein fluoresces and can be seen in the leaves, stems, and even roots of the plant 
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(Casper and Holt 1996).  Plant viruses such as TMV also have a wide host range allowing 

the same viral vector to be used in many different species of plants, the most common 

being Nicotiana benthamiana.  The genetic manipulation of TMV is relatively simple as 

well.  Its small genome has been engineered as a DNA plasmid that, after the insertion of 

the foreign DNA sequence, can be transformed into bacteria.  Upon plasmid isolation 

from bacteria, the plasmids can then be reverse transcribed to generate infectious RNA.  

To inoculate plants, the leaf is simply rubbed gently with the infectious recombinant virus 

combined with an abrasive (Wagner and others 2004).  Although plant viruses are not 

capable of proof-reading, surprisingly few point mutations occur after several passages of 

the virus (Kearney and others 1993).  This is advantageous because it allows for 

passaging of the virus to larger, more mature plants, which results in higher recombinant 

protein yields.   

 The production of proteins in whole plants could make purification from the plant 

extract difficult.  However, this can be overcome by sending the foreign protein to the 

plant apoplast through the use of a signal peptide.  The protein can be extracted from the 

apoplast by vacuum infiltration of the leaf with a buffer.  Upon centrifugation, the buffer 

will spin out of the leaf bringing the foreign protein along with it.  This allows an initial 

purification step by eliminating plant cellular proteins (McCormick and others 1999; 

McCormick and others 2003).      

 The TMV-based expression system has been used to produce many medically-

relevant proteins.  Table 1.5 lists some of these, but there are many more, and this system 

continues to be utilized for such recombinant proteins to date.  Many single chain 

variable fragments (scFv) of antibodies have been produced in plants for the purpose of 
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vaccination, such as a vaccine developed to treat non-Hodgkin’s lymphoma  (McCormick 

and others 1999; McCormick and others 2003).  Full-length antibodies have also been 

expressed using this system; Verch and colleagues created an antibody directed against a 

colon cancer antigen.  They were able to clone the genes representing heavy and light 

chains separately into a TMV vector.  The plants were co-infected with both recombinant 

constructs, and the plant was able to express and assemble these into a full-length 

antibody (Verch and others 1998).  Similar work was also done by Pogue and colleagues 

with human α-galactosidase A, an enzyme used in the treatment of Fabry’s disease, a rare 

hereditary disorder.  In order to be active, this protein required signal peptide cleavage, 

disulfide-mediated folding, N-linked glycosylation and homo-dimerization of its 

subunits.  Highly active α-galactosidase A accumulated in the apoplast, allowing for easy 

purification.  The recombinant protein yield was very high, accumulating to 30% of the 

total plant protein (Pogue and others 1997).  

 Because of its success with these proteins, the TMV-based expression system is 

currently being utilized to produce recombinant allergens (Table 1.6).  Because so many 

allergens are of plant origin, it makes sense to use a plant-based system for homologous 

expression, especially because of the plant’s ability to process the allergen such that it is 

very similar to the native allergen.  The first recombinant allergen to be expressed in this 

system was the major birch pollen allergen, Bet v 1, which accumulated to 200 

micrograms per gram of leaf material, or 0.6% of total soluble plant protein.  This 

recombinant protein bound IgE from allergic patient sera, and mice immunized with 

crude leaf extracts generated similar allergen-specific IgE and IgG1 responses to native 

Bet v 1 (Krebitz and others 2000).  Since then, other allergens have been expressed in this 
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system including spina bifida associated latex allergens, Hev b 1 and Hev b 3, 

(Breiteneder and others 2001; Krebitz and others 2003), and Mal d 2, a major allergen of 

apple (Breiteneder and others 2001; Krebitz and others 2003). 

 
Tobacco Mosaic Virus as an Expression Vector 

 
 Tobacco mosaic virus (TMV) is the leading vector for the transient production of 

recombinant proteins in plants.  Belonging to the Tobamovirus group, TMV is a single-

stranded plus-sense RNA virus consisting of 6395 nucleotides.  The first part of the 

expression strategy involves cloning the foreign gene of interest into a stable TMV DNA 

vector.  The DNA plasmid is then reverse transcribed to generate infectious RNA, which 

can then be inoculated onto the host plant, generally Nicotiana benthamiana, by gently 

rubbing the inoculum onto the leaves with abrasive (Dawson and others 1986).  The virus 

will infect locally inoculated leaves, but it will also spread throughout the N. 

benthamiana plant systemically.  A large amount of virus particles accumulates within a 

short period of time, resulting in minimal damage to the plant (Turpen 1999).  Within ten 

days, symptoms of infection can be observed; the leaves will begin to wrinkle and curl, 

and sometimes discoloration is seen as a mosaic pattern.  TMV also causes stunted 

growth within the plant, but the virus is not lethal.  At fourteen days post-inoculation, the 

viral mRNA including the foreign gene sequence can be detected in systemic leaves; 

sometimes low levels of the recombinant protein can be detected at this point as well.  

Optimal protein expression is seen at twenty-one days in all parts of the plant.  In order to 

scale-up expression, the virus can be passaged to larger plants for protein production.  At 

fourteen days post-inoculation, an infected leaf can be ground up and rubbed onto larger  

N. benthamiana plants.   
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Table 1.5  Medically-Relevant Proteins Expressed in a TMV-Based Expression System 

 

Protein Remarks Reference 

Nocistatin 
(neuropeptide) 

Expressed through six passages of the 
virus 

(Lim and others 
2002) 

Hepatitis C vaccine Reacted with specific monoclonal 
antibodies and immune sera from 
individuals infected with virus from four 
of the major genotypes of HCV 

(Nemchinov and 
others 2000) 

Bovine follicle 
stimulating 
hormone 

 

Required extensive N-glycosylation for 
correct folding 

(Dirnberger and 
others 2001) 

Human α-
galactosidase A 

 

Signal peptide cleavage, disulfide-
mediated folding, glycosylation, and 
dimerization of subunits.  Accumulation 
in apoplast. 

(Pogue and others 
1997) 

Malarial epitopes Fused to the viral coat protein (Turpen and others 
1995) 

Non-Hodgkin’s 
Lymphoma vaccine 

 

Single chain variable fragments of 
antibodies 

(McCormick and 
others 1999) 

Colon cancer 
monoclonal 
antibody 

 

Co-infection of plants resulted in 
expression of full-length antibody 

(Verch and others 
1998) 

E. coli enterotoxin 
(beta subunit) 

 

Mucosal immunogen and adjuvant (Wagner and others 
2004) 

Rabies vaccine 3/5 human volunteers who had previously 
been immunized against rabies virus with 
a conventional vaccine specifically 
responded against the peptide antigen 
after ingesting spinach leaves infected 
with the recombinant virus. 

(Yusibov and 
others 2002) 

HIV-1 p24 Expressed and purified with His tag (Perez-Filgueira 
and others 2004) 
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Table 1.6  Recombinant Allergens Expressed in a TMV-Based Expression System 

Protein Source Remarks Reference 

Bet v 1 Birch pollen Similar to native.  Immunized 
mice had allergen-specific IgE and 
IgG responses. 

(Krebitz and others 
2000) 

Hev v 1 Latex Recognized by allergic patient IgE (Breiteneder and 
others 2001) 

Hev b 3 Latex Recognized by allergic patient IgE (Breiteneder and 
others 2001) 

Mal d 2 Apple Accumulated to 2% of total 
protein.  Leader signal cleaved.  
Bound allergic patient IgE. 

(Krebitz and others 
2003) 

Jun a 3 Mountain cedar Recognized by allergic patient IgE (unpublished, 
Moehnke) 

Jun a 1 Mountain cedar Recognized by allergic patient 
IgE.  Expression caused 
hypersensitivity response in plants. 

(unpublished, 
Varshney) 

Cup s 1 Italian cypress Recognized by allergic patient 
IgE.  Expression caused 
hypersensitivity response in plants. 

(unpublished, 
Moehnke) 

 
 
 
 

 

 

 

 

 

 
Figure 1.4  N. benthamiana Plants 

A) Uninfected   B) Infected 

A B 
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 The TMV genome consists of two replicase proteins, a movement protein (MP) 

and a coat protein (CP).  The 5’ open reading frame (ORF) is translated directly from the 

genomic RNA, yielding the 126 kDa replicase.  There is an amber stop codon at the end 

of the 126 kDa replicase that undergoes a translational read-through to produce the 183 

kDa replicase.  Together these replicases comprise the RNA-dependent RNA polymerase 

(RdRp), which is then able to create a minus sense copy of the genome.  This copy serves 

as the template for replication of the plus-sense genome as well as subgenomic mRNAs.  

(Dawson and Lehto 1990).  The movement and coat proteins are translated from 3’ 

coterminal subgenomic mRNAs.  Movement protein is a 30 kDa protein produced early 

in the infection cycle where it is necessary for cell to cell movement of progeny viral 

RNA genomes.  It works by modifying the size exclusion limit of plasmodesmatal 

junctions (Deom and others 1992; Deom and others 1990).  Coat protein is a 17.5 kDa 

protein produced at very high levels later in the infection cycle where it serves to 

encapsidate the viral genome.  It is required for systemic movement of the virus 

throughout the vascular system of the plant (Dawson and others 1988).          

Dawson and colleagues were the forerunners in creating TMV vectors suitable for 

protein expression.  In 1989 they created a TMV vector that contained an extra coat 

protein gene with its subgenomic promoter that was identical to the original coat protein 

and subgenomic promoter.  The coding sequence for chloramphenicol acetyl transferase 

(CAT) was then cloned into the vector in place of the additional coat protein gene, 

allowing CAT to be under the control of the additional subgenomic promoter.  The virus 

was able to replicate efficiently, and CAT was expressed in enzymatically active form.  
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However, the virus quickly deleted the CAT sequence due to homologous recombination 

between the identical CP subgenomic promoters (Dawson and others 1989). 

 

 
 
 
 

 

 

 

 

 

 

 

 

 

 

Figure 1.5  Tobacco Mosaic Virus Genome 

 
 In an effort to create a more stable viral vector, Donson and colleagues created a 

vector termed TB2.  To circumvent the problem with homologous recombination, they 

created heterologous promoters.  A promoter from TMV controlled expression of the 

foreign gene, in this case neomycin phosphotransferase.  A second promoter from 

odontoglossum ring spot virus (ORSV) controlled the expression of the coat protein.  

This construct was stable and successful in expressing the foreign protein, and it was able 

to maintain the inserted sequence (Donson and others 1991). 
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 The TB2 vector worked well for protein expression, but the expression level of 

protein was relatively low.  In an effort to improve this, Shivprasad and colleagues 

created the 30B vector.  Three pseudoknot sequences from TMV were placed at the 3’ 

untranslated region of the vector immediately 3’ of the foreign gene sequence that coded 

for green fluorescent protein (GFP).  A subgenomic promoter (TMV U5) and coat protein 

sequence from tobacco green mild mosaic virus strain U5 replaced the ORSV gene 

because TMV U5 had been shown to allow long distance movement of the virus 

throughout the plant.  This vector was very stable and successful in the production of 

high yields of GFP protein throughout the entire plant (Shivprasad and others 1999).  

Since then, the 30B vector has been made available for experimental use.  Figure 1.7 

diagrams the 30B TMV expression vector. 

While the 30B vector utilizes dual subgenomic promoters for recombinant protein 

expression, there exists another system in which the foreign protein is fused to the coat 

protein such that protein is displayed on the surface of virions.  This is accomplished by 

read-through sequences introduced immediately after the CP stop codon and before the 

open reading frame of the gene of interest.  This allows for high recombinant protein 

yield as coat protein accumulates to up to 10% of the dry weight of an infected leaf 

(Pogue and others 1998).  Malarial epitopes (Turpen and others 1995) and murine 

hepatitis viral epitopes (Koo and others 1999) have been expressed in this way such that 

they are fused to the CP and incorporated into soluble virions representing the epitope on 

the virion’s surface.  One drawback of this expression strategy is that it does not allow for 

post-translational modifications, such as glycosylation. 
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Figure 1.6  30B TMV Expression Vector 

 
 One of the main concerns of TMV as an expression vector is that there is a size 

limitation of the gene of interest that is to be cloned into the vector.  The maximum size 

of an insert is 1.5 kb (personal communication, G. Pogue).  Another concern of TMV-

based expression systems is that if the system were scaled up to include inoculation of 

acres of plants, the virus including the foreign DNA might be able to spread to 

neighboring crops.  However, TMV-based vectors containing heterologous sequences 

end up losing the foreign gene inserts after several rounds of replication, leaving the 

hybrid virus.  The hybrid virus is less competitive and less pathogenic that the wild-type 

TMV (Rabindran and Dawson 2001).     
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Pichia pastoris Expression System 
 
 In 1970, Phillips Petroleum Company developed media and methods for culturing 

Pichia pastoris at high cell densities.  They successfully collaborated with the Salk 

Institute Biotechnology/Industrial Associates, Inc. to develop P. pastoris as a protein 

expression system in the early 1980s.  In 1993, Phillips Petroleum Company agreed to 

release the P. pastoris system to academic research laboratories to be sold by Invitrogen 

(Higgins and Cregg 1998). 

 P. pastoris is a yeast capable of metabolizing methanol through the use of the 

alcohol oxidase enzyme (AOX).  This enzyme oxidizes methanol to formaldehyde 

generating hydrogen peroxide in the process.  This occurs in the peroxisome to prevent 

peroxide toxicity to the cell.  Because AOX has a low affinity for oxygen, the yeast must 

produce high quantities of the enzyme.  Two different genes are responsible for the 

production of AOX, AOXI and AOX2, with the former producing most of the enzyme.  

AOXI is induced at high levels by methanol, up to 5% of total soluble protein in shake-

flask cultures and 30% in fermentor cultures.  The most common P. pastoris strain used 

for recombinant protein expression is GS115, which has a mutation in the histidinol 

dehydrogenase gene (HIS4).  This allows for selection of expression vectors that contain 

HIS4 upon transformation.  Plasmid expression vectors contain the sequence for the 

AOXI promoter followed by unique restriction sites to facilitate insertion of the foreign 

gene.  Adjacent to this is the AOXI transcriptional termination sequence, which allows 3’ 

processing and mRNA polyadenylation.  The vectors also contain the necessary 

sequences for plasmid replication and maintenance in bacteria (Cregg and others 2000).   
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 One particular set of vectors, pPICZ, contains the Sh ble gene (Streptoalloteichus 

hindustanus ble gene) that confers resistance to the drug zeocin in both E. coli and yeasts.  

This allows the initial cloning steps to be performed in E. coli, and then the vector 

containing the desired gene can be transferred into P. pastoris.  Not only are the pPICZ 

vectors advantageous because of their drug resistance, but they are also small (~3000 bp), 

allowing ease of genetic manipulation.  In addition, these vectors have sequences for His 

tags and myc epitopes to allow for easy detection and simpler purification of the foreign 

protein.  A set of pPICZ vectors, pPICZα, contains a secretion signal following the AOXI 

promoter.  The signal is derived from the S. cerevisiae α-factor prepro signal sequence, 

allowing foreign proteins to be expressed with the signal, and thus secreted (Lin 

Cereghino and Cregg 2000). 

Upon transformation of the vector into P. pastoris, the DNA is integrated into the 

host genome via homologous recombination between sequences common to both vector 

and host genome.  A single crossover event between the AOXI locus in the yeast genome 

and either of the two AOXI regions in the vector (AOXI promoter, or AOXI 

transcriptional terminator [AOX1 TT]) causes the foreign gene to be inserted into the 

genome (Figure 1.9).  A double crossover event occurs less frequently in which 

crossovers occur at both of the AOXI loci resulting in replacement of the host’s AOXI 

gene by the foreign gene.  Multiple gene insertion events occur in 1-10% of Zeocin 

resistant transformants as a result of gene insertion integration (Figure 1.10).  This causes 

an increase in recombinant protein expression by that transformant, and such 

transformants can be easily selected as they are hyperresistant to Zeocin (Cregg and 

others 2000). 
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Figure 1.7  pPICZ Expression Vectors 

(Reproduced from: Invitrogen EasySelect Pichia Expression Kit) 
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Figure 1.8  Gene Insertion Into the P. pastoris Genome 
(Reproduced from: Invitrogen EasySelect Pichia Expression Kit) 

 

 

 
 

Figure 1.9 Multiple Gene Insertion Into the P. pastoris Genome 
(Reproduced from: Invitrogen EasySelect Pichia Expression Kit) 



 

 

49

 The P. pastoris expression system is relatively easy to use and does not require 

sophisticated laboratory facilities or techniques.  The first step is to clone the foreign 

gene of interest into a pPICZ expression vector.  In order to encourage secretion of the 

protein, several different constructs should be created and tested for expression.  The 

foreign gene should be cloned into pPICZα which contains a secretion signal.  If the 

foreign protein is normally secreted in its native system, it should also be cloned into both 

pPICZ and pPICZα with its native signal peptide as well.  Trial and error is the only way 

to know for certain which construct will promote secretion.  Even if they all express and 

secrete the protein, one may have higher expression than the others (Lin Cereghino and 

others 2001).  The constructs are then transformed into E. coli and selected on media 

supplemented with zeocin.  After the plasmids have been isolated, they are linearized and 

then transformed into P. pastoris.  The resulting transformants are selected on zeocin 

media.  Six to ten colonies of each construct should be screened for protein expression, as 

some clones will have higher expression levels than others (Higgins and Cregg 1998).  

There has been much success in recombinant protein expression with this system; 

however, every protein will behave differently, and the only way to known if P. pastoris 

will express a particular protein is through experimentation (Lin Cereghino and others 

2001). 

 
Dissertation Overview 

 
 Due to the impact allergic disease has had on the industrialized world and the 

inadequacies of current immunotherapy, new therapies need to be explored.  One of the 

more promising advances in immunotherapy is the administering of recombinant 

allergens, which would eliminate many of the problems associated with the injection of 
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crude allergen extracts.  In order for this therapy to be evaluated, protein expression 

systems must be developed that will consistently produce adequate amounts of 

recombinant allergens that are properly folded and retain the immunogenic nature of the 

native allergen.  This dissertation investigates two different systems for the production of 

two common allergens: a plant virus (TMV) expression system and a yeast (Pichia 

pastoris) expression system.  Chapter Two describes the production of a mountain cedar 

allergen, Jun a 3, in a tobacco mosaic virus-mediated plant expression system.  The same 

mountain cedar allergen was expressed in the Pichia pastoris expression system, and this 

work is described in Chapter Three.  Chapter Four explores the expression of a cypress 

allergen, Cup s 1, using the virus-mediated plant expression system.  Following these 

chapters are appendices that detail laboratory protocols and procedures. 
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CHAPTER TWO 
 
Transient Expression of a Mountain Cedar Allergen, Jun a 3, in Nicotiana benthamiana 

Plants Using a Tobacco Mosaic Virus Vector
 
 

Abstract 
 
 Mountain cedar (Juniperus ashei) allergy is a Type I hypersensitivity disorder that 

causes much distress in atopic individuals throughout central Texas during the pollination 

months of December through March.  One of the major allergens responsible for such 

allergy is a Jun a 3, a 30 kDa protein.  In this study, RNA encoding Jun a 3 from 

mountain cedar pollen was isolated, and from this, the allergen’s cDNA was produced.  

This gene, including its signal peptide, was cloned into a tobacco mosaic virus vector.  In 

addition, one construct was designed to include a six-histidine tag to aid in purification, 

and another construct did not contain the tag.  The viral vectors were then used to infect 

Nicotiana benthamiana plants.  Three weeks post-inoculation, recombinant Jun a 3 was 

detected throughout the plant for both constructs.  The histidine-tagged protein was not 

able to be purified via conventional nickel chromatography, possibly due to the protein 

folding hindering exposure of the tag.  However, both recombinant Jun a 3 proteins were 

shown to have accumulated in the plant apoplast, allowing simple purification from the 

interstitial fluid.  N-terminal sequencing revealed that cleavage of the Jun a 3 signal 

peptide was successful, allowing the protein’s export from the cell into the apoplast.  The 

recombinant protein bound monoclonal and polyclonal IgG antibodies specific to native 

Jun a 3, and it was shown to bind serum IgE from cedar allergic individuals.  
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Introduction 

 Type I allergies are characterized by the production of IgE antibodies to a variety 

of environmental antigens.  These IgE antibodies bind to their receptors on effector cells, 

such as mast cells and basophils, causing the receptors to cross-link.  This cross-linking 

results in the release of histamine and leukotrienes leading to allergy symptoms.  These 

symptoms can be treated with various medications, but specific immunotherapy is the 

only causative treatment for such allergies.  Specific immunotherapy involves the 

administration of allergen extracts in an attempt to build tolerance in the patient.  Such 

therapy for cedar hypersensitivity is not very effective as only 30% of patients respond 

after two years of weekly injections (Liu and others 2003).  These injections contain 

crude allergen extracts which are difficult to determine the exact allergen concentrations, 

thus they must be given conservatively and over a lengthy period of time so as not to 

promote a severe allergic reaction within the patient such as anaphylactic shock.  These 

crude extracts could also contain components that would sensitize the patient to other 

allergens.  In an effort to circumvent these unwanted side effects, recombinant DNA 

technology is striving to produce recombinant allergens for specific immunotherapy to 

eliminate various components in crude extracts and to allow standardization of the 

allergens (Valenta 2002).   

 Mountain cedar, Juniperus ashei, is a major cause of allergic disease in central 

Texas beginning in late December and lasting through March (Schweitz and others 

2000).  Cedar allergy is not limited to the central Texas region; due to the high cross-

reactivities among several species of cedar trees, this has become a more widespread 

medical condition (Reid and others 1988).  There are two main allergens responsible for 
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mountain cedar’s allergic nature, Jun a 1 and Jun a 3 (Midoro-Horiuti and others 1999a; 

Midoro-Horiuti and others 2000).  Jun a 1 has been isolated and characterized (Midoro-

Horiuti and others 1999a; Midoro-Horiuti and others 1999b), and its crystal structure has 

been resolved (Czerwinski and others 2005; Liu and others 2003).  However, a crystal 

structure has yet to be resolved for Jun a 3.  Jun a 3 has been characterized as a 30 kDa 

protein encoded by 597 nucleotides with a 26 amino acid leader sequence and a single N-

glycosylation site (Midoro-Horiuti and others 2000).  Three continuous IgE epitopes exist 

at the C-terminal region of Jun a 3, specifically at amino acids 120-131, 132-145, and 

152-165 (Soman and others 2000).  Jun a 3 has homology with a group of pathogenesis-

related proteins, specifically Group 5 thaumatin-like proteins, which are responsible for 

plant defense mechanisms such as evading foreign microorganisms (Midoro-Horiuti and 

others 2000).  Other allergens belonging to the PR-5 group include Mal d 2 from apple 

(Krebitz and others 2003), Pru av 2 from cherry (Cortegano and others 2004; Inschlag 

and others 1998; Jensen-Jarolim and others 1998), Cap a 1 from paprika/bell pepper 

(Cortegano and others 2004; Inschlag and others 1998; Jensen-Jarolim and others 1998), 

and Cup a 3 from cypress (Cortegano and others 2004; Inschlag and others 1998; Jensen-

Jarolim and others 1998).      

  Jun a 3 is expressed at very low levels within the cedar pollen, and therefore not 

enough native material can be obtained for further structural studies such as X-ray 

crystallography (personal communication, Terumi Midoro-Horiuti).  To better 

characterize Jun a 3 and to evaluate its potential use as a part of immunotherapy, it must 

be expressed as a recombinant allergen that closely represents its native form.  Because 

Jun a 3 is a plant protein, it was decided to produce the allergen in plants, a homologous 
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expression system.  Plants have successfully been used to produce other allergens that are 

similar to their native forms such as Bet v 1 from birch (Krebitz and others 2000) and 

Mal d 2 from apple (Krebitz and others 2003).  This study describes the production of 

recombinant Jun a 3 in Nicotiana benthamiana plants via a tobacco mosaic virus vector.  

The recombinant allergen showed similarities to native Jun a 3 in that it was able to bind 

monoclonal and polyclonal antibodies produced against native Jun a 3.  The recombinant 

allergen was also able to bind IgE from allergic patient sera.   

 
Materials and Methods 

 
 
Isolation of Juniperus ashei RNA and cDNA Synthesis 

 Mountain cedar pollen was purchased from Hollister-Stier (Spokane, WA, USA).  

Total RNA was isolated from 50 mg of pollen according to company protocols (Promega, 

Madison, WI, USA).  Reverse transcription of 2 μg of mRNA was achieved using an 

olio-dT primer and a M-MLV reverse transcriptase (Promega, Madison, WI, USA).  This 

cDNA was used as a template to generate cDNA encoding Jun a 3, including its signal 

peptide, via PCR.  The primers used were designed to produce two different constructs, 

J3-His and J3-NoHis (Figure 2.1).  The same 5’ primer was used for both constructs; it 

contained four bases of a GC-rich clamp sequence to promote strong binding of its 5’ end 

to the template, followed by a Pac I site and 24 bases of the Jun a 3 signal peptide 

sequence.  The 3’ primer of J3-His contained the same GC-rich clamp at the 5’ end, 

followed by a Xho I site and a stop codon.  Following this was the sequence that coded 

for histidines and a thrombin cleavage site, followed by 21 bases coding for the Jun a 3 

C-terminus.  The 3’ primer used to amplify J3-NoHis contained the GC-rich clamp 
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followed by a Xho I site and a stop codon.  The next 18 bases coded for the Jun a 3 C-

terminus.  Vent polymerase (Promega, Madison, WI, USA) was used for the PCR, and 

the cycles were as follows:  94°C/5 minutes for 1 cycle; 94°C/1 minutes, 56°C/1 minutes, 

72°C/1 minutes for 30 cycles; 72°C/5 minutes for 1 cycle. 

 
A)  5’ Jun a 3 Primer 

 
5’    GCGG     TTAATTAA    ATGGCCCGAGTATCAGAGCTTGCG   3’ 

         -clamp-    -----Pac I-----     ------------Jun a 3 signal peptide---------- 
 
 

B)  3’ Jun a 3 His Primer 
 

5’    GCGG   CTCGAG   TTA   ATGATGGTGATGGTGGTG         
        -clamp-  --Xho I---  -stop-   ------------6 His tag-------------     
 
          ACGCGGAACCAG      AGGGCAGAATACAATACTGTA   3’ 
      -thrombin cleavage site-   -----------Jun a 3 C-terminus---------- 
 
 

C)  3’ Jun a 3 No His Primer 
 

5’    GGCG   CTCGAG   TTA     GGGACAGAATACAATACT    3’ 
         -clamp-  --Xho I---  -stop-     ---------Jun a 3 C-terminus------ 
 

Figure 2.1  Primer Design for RT-PCR of Jun a 3 

 
Construction of the pBSG1057-Jun a 3 Expression Plasmid 

 A 30B-based tobacco mosaic virus vector, pBSG1057, was provided by G. Pogue 

of Large Scale Biology Corporation (Vacaville, CA, USA).  The TMV vector and both 

Jun a 3 constructs were digested with Pac I and Xho I, followed by ligation of each Jun a 

3 construct into the TMV vector.  The pBSG1057-Jun a 3 ligation products were 

transformed into competent DH5α E. coli cells via electroporation according to company 

protocols (Invitrogen, Carlsbad, CA, USA).  Positive clones were selected using PCR 
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with screening primers specific to the 5’ and 3’ termini of Jun a 3, namely 5’ ATGGCC 

CGAGTATCAGAGCTT 3’ and 5’ AGGGCAGAATACAATACTGTA 3’, respectively.  

These positive clones were subsequently sequenced using a CEQ capillary sequencer 

(Beckman Coulter, Fullerton, CA, USA). 

 
In Vitro Transcription and Inoculation of N. benthamiana Plants 

 The pBSG1057-Jun a 3 vectors were in vitro transcribed to generate capped 

infectious RNA with T7 RNA polymerase using the mMessage mMachine™ kit 

(Ambion, Austin, TX, USA).  The reaction was initially incubated at 37°C for 15 

minutes, then 1 μl of 30 mM GTP was added, and finally the reaction was incubated for 

two hours.  An equal volume of FES buffer (0.1 M glycine pH 8.9, 0.06 M K2HPO4, 1% 

sodium pyrophosphate, 1% celite, 1% bentonite) was added to each reaction, and two 

leaves were inoculated per plant (10 μl per leaf) by gentle rubbing.  In order to monitor 

infection and protein expression, pBSG1057 carrying the gene that encodes green 

fluorescent protein (GFP) was also in vitro transcribed and inoculated onto separate N. 

benthamiana plants. 

 Ten days post-inoculation, the virus was passaged to larger plants by grinding 1 

gram of infected leaf material with 1 ml of GP-Celite Buffer (50 mM glycine pH 8.9, 30 

mM K2HPO4, 1% celite) and rubbing the inoculum onto two leaves per plant. 

 
Detection of Viral RNA and Extraction of Jun a 3 Protein 
 
 Fourteen days post-inoculation, total RNA was extracted from 100 mg of 

systemically infected leaves using Qiagen’s RNeasy Plant Mini Kit (Qiagen, Santa 

Clarita, CA, USA).  The RNA was reverse transcribed using an oligo-dT primer 
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according to company protocols (Promega, Madison, WI, USA).  This served as a 

template for PCR, in which pBSG1057-specific primers were used that flanked the 

inserted gene to determine if the full-length inserts were being efficiently replicated 

throughout the plant.  The PCR cycles were as previously mentioned.  pBSG1057-

specific upstream and downstream primers were as follows: 

5’GGAGGCTACTGTCGCCGAATC3’ and 5’TGAACCATATACAT TTGACC3’. 

 Twenty-one days post-inoculation, protein was extracted in one of three ways, 

depending on the purification method to be employed: 1) total protein extraction via 

grinding, 2) extraction of total proteins using a rubisco spinout method, or 3) secreted 

protein extraction using vacuum infiltration.  In the first method, plant material was 

frozen in liquid nitrogen and ground in a fourfold excess of 10 mM potassium phosphate 

(pH 8.0), 2% polyvinylpolypyrrolidone, and 1 mM PMSF, followed by centrifugation at 

40,000 x g for 1 hour at 4°C.   

 The second protein extraction method utilized a buffer that aids in the partial 

purification of the extract through the precipitation of rubisco, the major protein 

expressed in plants (Kwanyuen and others 2002).  The plant material was frozen in liquid 

nitrogen and ground in a twofold excess of 2% sodium metabisulfite.  After filtering the 

extract through cheesecloth, the pH was adjusted to 5.6, and the extract was centrifuged 

at 30,0000 x g for 30 minutes at 4°C.  The supernatant was stored at 4°C for 48 hours to 

allow precipitation of the rubisco.  Following centrifugation at 3000 x g for 10 minutes 

(4°C), the supernatant was retained.   

 The third extraction method was used to remove proteins that were secreted to the 

interstitial fluid of the plant (McCormick and others 1999).  Leaf material was completely 



 

 

58

immersed in a beaker of Infiltration Buffer (100 mM Tris-Cl pH 7.5, 10 mM MgCl2, 2 

mM EDTA), and a vacuum was applied.  After two minutes, the vacuum was removed to 

allow the buffer to rapidly flow into the leaf material.  The leaves were placed in a 

strainer cup inserted into a centrifuge tube and centrifuged at 2000 x g for 10 minutes at 

4°C.  The interstitial fluid forced out of the leaves was pipetted from the bottom of the 

tube after removal of the whole, undisturbed leaves.   

 Each extract was analyzed via 15% polyacrylamide gels, which were stained with 

Coomassie Blue for protein detection.  Protein concentrations were determined by the 

Bradford method according to the Bio-Rad microassay protocol (Bio-Rad, Hercules, CA, 

USA).  A standard curve was produced with known concentrations of bovine gamma-

globulin.  Ultraviolet absorption at 280 nm was used to estimate protein concentration. 

 
Purification of Jun a 3 
 
 Two purification schemes were utilized in an attempt to purify recombinant Jun a 

3.  The first scheme was designed to purify the J3-His construct in which extraction via 

rubisco spinout method was performed on plant material to remove rubisco.  This was 

followed by nickel chelate chromatography (Ni-NTA agarose; Qiagen, Santa Clarita, CA, 

USA).  Bound proteins were eluted under native conditions by competition with 

increasing concentrations of imidazole as recommended by Qiagen company protocol. 

 The second purification scheme also began with protein extraction via the rubisco 

spinout method, but was followed by ammonium sulfate precipitations.  Small aliquots of 

extract were incubated with a range of ammonium sulfate concentrations (10%, 20%, 

30%, 40%, 50%, 60%, 70%, 80%) overnight at 4°C.  Each sample was centrifuged at 

10,000 x g for 15 minutes at 4ºC and the supernatants were removed to fresh tubes.  After 
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dialysis into PBS buffer, each sample was analyzed via SDS-PAGE to determine which 

fractions contained the recombinant Jun a 3. 

 
N-terminal Sequencing 

 N-terminal sequencing was performed on the recombinant Jun a 3 protein using 

Applied Biosystem’s Procise sequencing sytem (UTMB Protein Chemistry Laboratory). 

 
Immunoblotting Experiments 

 After separation of the proteins via SDS-PAGE, these were transferred to a PVDF 

membrane (Amersham, Piscataway, NJ, USA) using the semi-dry transfer protocol of 

Bio-Rad (Bio-Rad, Hercules, CA, USA).  The membranes were blocked in 5% non-fat 

dry milk for 1 hour at room temperature and then incubated with rabbit monoclonal or 

polyclonal anti-Jun a 3 IgG antibody (R. Goldblum, UTMB Galveston, TX) at a final 

concentration of 1 μg/ml in TBS-Tween for one hour at room temperature.  After 

washing the membrane, goat anti-rabbit IgG-HRP conjugate (1:1000, Sigma) was added 

and incubated for 1 hour at room temperature.  Visualization was performed using 

ECL™ detection reagents (Amersham, Piscataway, NJ, USA) followed by 

immunofluorescence or colorimetrically using DAB (3’3’-diaminobenzidine) substrate 

(Sigma, St. Louis, MO, USA).   

 In addition, an anti-His antibody conjugated to HRP was used to detect J3-His 

according to Qiagen protocols (Santa Clarita, CA, USA).  Briefly, the membrane was 

blocked in 3% BSA-TBS for 1 hour at room temperature.  Following washing, the 

membrane was incubated with an anti-His HRP conjugate antibody (diluted 1:1500 in 3% 

BSA-TBS).  After another washing step, visualization was performed as above. 
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 Immunodetection was also performed via dot blot according to Amersham 

(Amersham, Piscataway, NJ, USA).  One microliter of protein extract was carefully 

applied to a PVDF membrane and allowed to air dry.  After the membrane was rewet in 

methanol and water, it was blocked in 5% non-fat dry milk for 1 hour at room 

temperature.  The membrane was then incubated with rabbit monoclonal or polyclonal 

anti-Jun a 3 IgG antibody as performed above. 

 
ELISA Experiments  

 For ELISA IgG experiments, the wells of a microtiter plate (Corning, Costar) 

were coated with 100 μl of 1 μg/ml, 10 μg/ml, or 30 μg/ml of the purified recombinant 

protein and incubated at 4°C overnight.  After washing with TBS-Tween, the plate was 

blocked with 5% non-fat dry milk for 30 minutes at room temperature.  The wells were 

washed again, and 100 μl of rabbit anti-Jun a 3 IgG antibody (1:10,000) was added to 

each well and incubated at room temperature for 2 hours.  After washing, 100 μl of goat 

anti-rabbit IgG-HRP conjugate (1:1000) was added to each well and incubated at room 

temperature for 1 hour.  The wells were washed, and color substrate, TMB (Sigma, St. 

Louis, MO, USA), was added to each well and incubated for 1 hour at room temperature.  

The reaction was stopped by adding 100 μl of 2 M HCl per well.  The OD was read at 

450 nm with an ELISA plate reader (Labsystems Multiskan RC). 

 ELISA IgE experiments were performed by coating the wells of a microtiter plate 

(Corning, Costar) with 100 μl of 1 μg/ml, 5 μg/ml, or 10 μg/ml of the purified Jun a 3 and 

incubated at 4°C overnight.  In addition, vector-inoculated extracts were bound in the 

same manner to provide a negative control.  After washing with TBS-Tween, the plate 

was blocked with 5% non-fat dry milk and incubated for 30 minutes at room temperature.  
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The wells were washed again, and 100 μl of pooled allergic patient sera (1:10) or 100 μl 

of pooled non-allergic patient sera (R. Goldblum, UTMB Galveston, TX) was added to 

each well and incubated at room temperature for 2 hours.  After washing, 100 μl of anti 

human IgE-HRP conjugate (1:5000) (Sigma, St. Louis, MO, USA) was added to each 

well and incubated at room temperature for 1 hour.  The wells were washed, and color 

substrate, TMB (Sigma, St. Louis, MO, USA), was added to each well and incubated for 

1 hour at room temperature.  The reaction was stopped by adding 100 μl of 2 M HCl per 

well.  The OD was read at 450 nm with an ELISA plate reader (Labsystems Multiskan 

RC). 

 
Results 

 
Construction and In Vitro Transcription of pBSG1057-J3-His and p1057BSG-J3-NoHis 
  
 A 30B-based plant viral vector that directs the expression of Jun a 3 in N. 

benthamiana plants was successfully constructed.  Two constructs were created: Jun a 3 

containing a six histidine tag (pBSG1057-J3-His) and Jun a 3 without the tag 

(pBSG1057-J3-NoHis).  For each construct, the Jun a 3 coding sequence, including its 

signal peptide was inserted into the pBSG1057 vector under the control of the TMV-U1 

coat protein subgenomic promoter.  Insertion of the gene, as well as correct orientation 

were verified with PCR (using Jun a 3-specific primers) and DNA sequencing.  These 

constructs were used directly to generate infectious viral RNA via in vitro transcription, 

which was subsequently used to inoculate N. benthamiana plants. 
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Expression of Jun a 3 in N. benthamiana Plants 

 Ten days post-inoculation, signs of infection such as mottled, deformed leaves 

were apparent not only in locally inoculated leaves, but in systemic leaves as well.  

Fourteen days post-inoculation, total RNA was extracted from the systemically-infected 

leaves and subjected to RT-PCR using primers flanking the Jun a 3 insert.  RT-PCR 

products migrating at approximately 900 base pairs (lane 2; pBSG1057-J3-His) and 930 

base pairs (lane 3; pBSG1057-J3-NoHis) confirmed the transcription of the Jun a 3 

mRNA from the viral subgenomic promoter.  This also indicated no genetic breakdown 

of the Jun a 3 insert in the first passage plants (Figure 2.2).  

 

 

      Figure 2.2  RT-PCR Performed on Infected Plant Total RNA Extraction.   M) Size     
                 Marker  1) uninoculated  2) pBSG1057-J3-His  3) pBSG1057-J3-NoHis   
   

 Twenty-one days post-inoculation, proteins were extracted either by grinding or 

by vacuum infiltration.  These protein extracts were separated by SDS-PAGE and stained 

with Coomassie Blue.  Extracts from uninfected plants and vector infected plants were 

used as controls.  SDS-PAGE revealed a band migrating at 30 kDa from the vector-Jun a 

3 plants that was not present in the control plants (Figure 2.3).  This was true of both J3-

M     1    2      3  

Jun a 3 
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His and J3-NoHis constructs.  The recombinant proteins were expressed at approximately 

300 μg per gram of plant material.  

 Passage of the virus from an infected leaf to larger, uninoculated plants (second 

passage) resulted in infection of the larger plants.  RT-PCR revealed that stable Jun a 3 

RNA transcripts were generated, and the rJun a 3 protein product was expressed as well 

in these second passage plants. 

 

  

Figure 2.3  SDS-PAGE of rJun a 3 Protein Extractions.   A)  rJ3-His protein extraction by  
grinding.  M: Size Marker  1: uninoculated  2: vector-inoculated  3-6: Four clones 
of rJ3-His.    B)  Protein extraction by vacuum infiltration.  M: Size Marker  1: 
BSA 0.5 μg  2: BSA 1 μg  3: BSA 2 μg  4-6: Three clones of r3-NoHis  7-9: Same 
three clones of rJ3-NoHis but extracted from 2nd passage plants.   
These gels are representative gels and similar results were obtained for both His 
and NoHis constructs. 

 

Purification of rJun a 3 

 The first step in purification of the rJun a 3 was to remove the major 

contaminating plant protein complex, rubisco, which is present in high amounts as two 

separate subunits (55 kDa and 14 kDa).  As can be seen in Figure 2.4, both rubisco 

subunits have been successfully removed in lanes 1 and 2, as compared with the total 

protein extract in lane 3.  In the next purification step, the rubisco-free rJ3-His extract 

was applied to a nickel column.  To ensure the column was efficient at binding histidine, 

A B 

         M    1     2     3      4     5     6    M    1    2    3     4    5    6     7     8     9 

Jun a 3 
Jun a 3 
CP 

Rubisco 

Rubisco 
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recombinant GFP-His was used as a positive control.  As seen in Figure 2.5, the nickel 

column was able to successfully isolate rGFP-His.  Therefore, the rJ3-His, free of 

rubisco, was applied to the nickel column for purification.  Figure 2.6 shows that the 

nickel column was unable to bind the recombinant protein, as the majority of the protein 

was detected in the flow-through. 

 Ammonium sulfate precipitations were performed on rJun a 3 after the rubisco 

spinout in an effort to further purify the protein.  Coat protein began to precipitate out of 

solution with 30% ammonium sulfate, and rJun a 3 precipitated at 40%. 

 
  

                    

   Figure 2.4  Rubisco Spinout Purification.  M) Size marker  1-2) rJun a 3 after rubisco  
       spinout    3) rJun a 3 total protein extract 

 
 
 

                                     

  Figure 2.5  Nickel Column Purification of rGFP-His.  1) rGFP total protein extract    
 2) Nickel column flow-through   3) Elution at 50 mM imidazole   4) Elution at  
 250 mM imidazole 

 
 

rubisco (55 kDa) 

rubisco (14 kDa) 
coat protein (17 kDa) 

rJun a 3 (30 kDa) 
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rGFP-His 
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Figure 2.6  Nickel Column Purification of rJ3-His.  1)  rJ3-His protein extract after   
rubisco spinout   2) nickel column flow-through  3) nickel column wash    
4) Elution at 50 mM imidazole   5) Elution at 250 mM imidazole 

 
 

  

  Figure 2.7  Ammonium Sulfate Precipitations.   M) Size marker   Lanes 1-8 indicate 
 precipitated pellets from 10%-80%, in 10% increments 

 

N-terminal Sequencing 

 N-terminal sequencing revealed that the signal sequence of both rJun a 3 

constructs was correctly processed by the plant.  This was further confirmed by the 

presence of the recombinant protein in the plant apoplast. 
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Immunoblotting 

 The Jun a 3 recombinant proteins were further analyzed via Western blotting 

using an anti-Jun a 3 monoclonal antibody (Figure 2.8).  In addition, the rJun a 3 with the 

histidine tag was probed for using an anti-histidine antibody (Figure 2.9).  The Western 

blotting experiments were successful, showing that rJun a 3 does in fact bind to both 

antibodies, while there was no binding for the vector and uninoculated controls.   

 Dot blots were performed on both rJun a 3 constructs using an anti-Jun a 3 

monoclonal antibody.  Figure 2.10 demonstrates successful binding of the rJun a 3 to the 

antibody, without binding of the vector and uninoculated controls. 

 

 

 Figure 2.8  Western Blot of rJun a 3 with Anti-Jun a 3 Antibody.  1) vector- 
            inoculated plant   2)  uninoculated   3) rJ3-His   4) rJ3-NoHis 

 
 
 

 

   Figure 2.9  Western Blot of rJ3-His with Anti-His Antibody.  M) Size marker  1) vector                   
              inoculated plant     2-3) Two clones of J3-His  4) uninoculated plant 

 M     1     2     3     4 

     1       2       3       4 
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      Figure 2.10  Dot Blot of rJun a 3.   1) uninoculated plant   2) rJ3-His    
     3) vector-inoculated plant   4) rJ3-NoHis 

 
 

ELISA Experiments 

 To further confirm the rJun a 3 binding to anti-Jun a 3 antibody, ELISA 

experiments were performed using a polyclonal anti-Jun a 3 antibody on extracts from 

plants infected with either rJun a 3 construct.  Both rJ3-His and rJ3-NoHis bound the 

anti-Jun a 3 antibody, and as the concentration of the protein was increased, rJun a 3 was 

able to bind more antibody as indicated by the increasing absorbance.  However, binding 

was much stronger when the recombinant protein did not contain the histidine tag (Figure 

2.11). 

 ELISA experiments were also performed to verify that the recombinant Jun a 3 

would bind to allergic patients’ IgE found in sera.  Vector-inoculated plants and BSA, 

used as negative controls, did not bind patient sera as compared to recombinant Jun a 3, 

which bound allergic patient sera in a concentration-dependent manner.  As the 

concentration of rJun a 3 increased, so did its binding to the sera.  Patient sera from non-

allergic individuals did not significantly bind recombinant Jun a 3 (Figure 2.12).   

 
Discussion 

 This study has shown the successful expression of a mountain cedar allergen, Jun 

a  3,  in  N.  benthamiana using a tobacco mosaic virus-mediated plant expression system.  

1        2         3        4 
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Figure 2.11  ELISA Data Using an Anti-Jun a 3 Antibody 
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Figure 2.12  ELISA Data Using Patient Sera. 
       A) rJun a 3-His  B) rJun a 3-NoHis 
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The recombinant protein was expressed at high levels, 300 μg per gram of fresh plant 

material.  This is greater than the expression of Mal d 2, an allergen homologous to Jun a 

3, and rBet v 1 which were expressed in the same system at 240 and 200 μg/g of fresh 

leaf material, respectively (Krebitz and others 2003; Krebitz and others 2000).  In 

addition, the virus carrying Jun a 3 could be passaged to larger plants thereby increasing 

production.  This high expression level makes the TMV system a model system for the 

production of recombinant allergens.  Although bacterial systems are generally the 

primary source for recombinant protein expression, many allergens cannot be produced in 

such systems.  In fact, attempts to express recombinant Jun a 3 in E. coli were 

unsuccessful (personal communication, R. Goldblum).   

Two different constructs were expressed in the system: one contained a histidine 

tag and the other did not.  Unfortunately the histidine-tagged Jun a 3 was unable to be 

purified via nickel column chromatography, most likely because the histidine tag was 

hidden within the folding of the protein.  Therefore, it was not accessible to the nickel 

column, and thus would not bind for purification.  However, once the histidine-tagged 

Jun a 3 was denatured via SDS-PAGE, it was able to bind an anti-histidine antibody via 

Western blotting, providing further evidence that the lack of binding of the histidine-

tagged protein to the column was conformational dependent.  It should also be noted that 

the nickel column was functioning properly in that it was able to bind a histidine-tagged 

GFP control.   

 The next attempt at purification was to precipitate contaminating proteins by 

differential centrifugation.  Strangely it was shown that if the plant protein extract was 

left in the rubisco spinout buffer for approximately 96 hours before centrifugation, many 
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other contaminating proteins precipitated out as well.  This left very few proteins, 

including the recombinant Jun a 3 and the viral coat protein.  This could then be purified 

further by ammonium sulfate precipitations, which separated the coat protein from the 

remaining proteins.  Coat protein precipitated at 30% ammonium sulfate leaving the 

recombinant Jun a 3 in the supernatant.  This was a successful purification strategy; 

however, a much easier strategy proved to be recovery of recombinant protein from the 

plant apoplast using vacuum infiltration.  This provided a faster and easier method for 

obtaining the Jun a 3 that was approximately 80% pure.  This is the first report of 

extracting a recombinant allergen in this way. 

 Using a plant expression system allows for the production of plant allergens that 

are processed very similarly to their native counterparts.  The signal peptide of the 

recombinant Jun a 3 was accurately cleaved, allowing Jun a 3 to accumulate in the plant 

apoplast.  The protein also bound anti-Jun a 3 antibodies under both denaturing (Western 

blotting) and nondenaturing (dot blotting and ELISA) conditions.  Interestingly, rJ3-His 

showed lower binding to the IgG than rJ3-NoHis.  This could be a result of the folding 

issues that may be present in the histidine-tagged protein.  Both rJ3-His and rJ3-NoHis 

bound IgE in allergic patient sera similarly.  This is probably because the known IgE 

epitopes are continuous and not dependent upon conformation; therefore, even if rJ3-His 

was folded differently due to the histidine tag, it would still be able to bind the allergic 

patient sera. 

 There is a great need for recombinant allergens that mimic the native allergens, 

not only for the purpose of structural studies, but also to develop new therapies.  A plant-

based expression system can provide high quantities of correctly folded proteins, 
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advantages that are hard to obtain with other expression systems such as E. coli.  New 

therapies for allergic disease are investigating the use of recombinant allergens as 

vaccines.  This would require proteins that are safe without the possibility of toxins, 

which a plant expression system can provide.  This system also provides a low cost 

means of expression, as well as a homologous system for the production of plant 

allergens.  
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CHAPTER THREE 
 
Recombinant Expression of a Mountain Cedar Allergen, Jun a 3, Using a Pichia pastoris 

Expression System 
 

Abstract 

 Mountain cedar trees, Juniperus ashei (Coniferales order, Cupressaceae family), 

are an important source of pollen allergy within south central Texas.  In particular, Jun a 

3 plays a main role in such allergic disease.  This 30 kDa protein is expressed at such low 

levels in the pollen, that currently not enough material has been isolated for structural 

studies.  Therefore, attempts have been made to express the allergen as a recombinant 

protein.  This study reports for the first time the expression of a cedar allergen in a yeast 

system.  Jun a 3 cDNA was cloned into pPICZα, a vector that replicates in both E. coli 

and P. pastoris and contains a yeast signal peptide for the secretion of foreign proteins.  

Two different constructs were created: one contained Jun a 3 with its native signal 

peptide cloned into the expression vector, and the other contained only the Jun a 3 coding 

sequence cloned into the vector.  This initial cloning step occurred in E. coli to obtain 

clones positive for the Jun a 3 insert.  These clones were then transformed into P. pastoris 

cells, which were induced to express the Jun a 3 protein.  

The recombinant allergen was then evaluated using Western blotting and ELISA assays.  

Results indicate that high levels of full-length recombinant Jun a 3 were produced, and 

the protein mimics native Jun a 3 in its ability to bind anti-Jun a 3 IgG antibodies, as well 

as IgE in Jun a 3-allergic patient sera.  Therefore, P. pastoris cells provide an expression 
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system that can successfully produce high quantities of soluble recombinant Jun a 3 that 

maintains IgG and IgE epitopes similar to the native allergen. 

 
Introduction 

 Cedar trees are widely distributed throughout the world, the pollen of which 

constitutes a major source of allergens.  In particular, mountain cedar, Juniperus ashei, 

causes seasonal allergic disease throughout the south-central United States and northern 

Mexico.  Mountain cedar pollen is especially high in south-central Texas during the 

pollination months of December through March (Goetz and others 1995).  A major 

allergen of mountain cedar is Jun a 3, a 30 kDa protein that has been cloned and its 

sequence characterized (Midoro-Horiuti and others 2000).  In addition, three IgE epitopes 

have been mapped to the C-terminal region of the protein, specifically at amino acids 

120-131, 132-145, and 152-165 (Soman and others 2000).  Sequence comparisons have 

found Jun a 3 to have homology with a group of pathogenesis-related proteins, 

specifically group 5 thaumatin-like proteins (PR-5), which are responsible for plant 

defense mechanisms such as evading foreign microorganisms (Midoro-Horiuti and others 

2000).  Many PR-5 proteins have been shown to have antifungal activity such as Mal d 2 

from apple (Krebitz and others 2003), while other PR-5 proteins lack any such activity as 

seen in banana thaumatin-like protein (Barre and others 2000).  To date, the antifungal 

nature of Jun a 3 has yet to be assessed.  

Despite the breadth of knowledge concerning Jun a 3, protein structural studies 

have been limited by the inability to obtain enough pure native allergen for X-ray 

crystallography, as the expression level of Jun a 3 is very low within the cedar pollen 

(personal communication, Terumi Midoro-Horiuti).  Therefore, various expression 
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systems have been evaluated for their ability to produce recombinant Jun a 3 that closely 

resembles the native allergen. 

There are also clinical applications in the production of recombinant Jun a 3.  

Current immunotherapy for allergy sufferers involves the weekly administration of 

increasing concentrations of crude allergen extracts, which has been shown to switch an 

individual’s allergic response to a non-allergic one.  Such therapy is largely ineffective 

for cedar hypersensitivity, as approximately 30% of individuals respond after two years 

of weekly injections (Liu and others 2003).  This is largely due to the fact that crude 

allergen extracts are used for injections.  Such extracts contain many types of allergens, 

some of which an individual may not be sensitized to but could become sensitized upon 

administration of the extract.  These extracts are also difficult to standardize and must be 

given at such low doses to ensure the patient will not have an adverse allergic reaction 

such as anaphylactic shock.  The use of recombinant allergens would allow pure 

allergens, specific to a patient’s reactivity profile, to be administered at correct 

concentrations (Valenta and others 1999b). 

 Attempts to express Jun a 3 in bacteria were unsuccessful, as the recombinant 

protein was insoluble and found within inclusion bodies (personal communication, 

Terumi Midoro-Horiuti).  This study attempts to utilize a yeast expression system to 

generate high quantities of correctly folded recombinant Jun a 3.  The expression vector 

used was pPICZα, which contains sequences that allow for replication in both E. coli and 

P. pastoris, as well as an antibiotic (zeocin) resistance gene for selection.  pPICZα also 

contains a signal sequence derived from S. cerevisiae that when cloned in front of a 

foreign cDNA sequence will allow secretion of that protein (Higgins and Cregg 1998).  
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Two Jun a 3 constructs were created; one contained the Jun a 3 coding sequence with its 

native Jun a 3 signal sequence, creating a double signal peptide when cloned into the 

pPICZα vector (pPICZα-J3sig).  The other construct only contained the Jun a 3 coding 

sequence cloned into the pPICZα vector (pPICZα-J3).  Both constructs were created 

because each could give a different expression result, and it cannot be predicted 

beforehand which will yield the highest level of expression and secretion.  Secretion is 

important as a preliminary step in protein purification as few native P. pastoris proteins 

are secreted.  Both constructs were able to express and secrete recombinant Jun a 3, 

although not at the same level.  One construct in particular behaves in a similar manner as 

the native allergen.  This similarity, along with the ability to produce high quantities of 

allergen at low costs, will allow the recombinant allergen to be used for much needed 

structural studies such as X-ray crystallography, where high quantities of the native 

allergen are not available. 

 
Materials and Methods 

 
Isolation of Juniperus ashei RNA and cDNA Synthesis 

 Fifty milligrams of mountain cedar (Juniperus ashei) pollen were extracted to 

produce total RNA according to company protocols (Promega, Madison, WI, USA).  

Pollen was provided by Terumi Midoro-Horiuti (UTMB, Galveston, TX).  Reverse 

transcription of 2 μg of mRNA was achieved using an olio-dT primer and a M-MLV 

reverse transcriptase (Promega, Madison, WI, USA).  With this product as a template, 

cDNA specific for Jun a 3 was generated by PCR.  The primers used for PCR created two 

different Jun a 3 sequences.  One contained the signal peptide sequence in addition to the 
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Jun a 3 coding sequence, while the other only contained the Jun a 3 coding sequence.  

The 5’ primers both contained (5’ → 3’) 4 bases of a GC-rich clamp sequence to promote 

strong binding to the template, followed by a Xho I site.  The next sequences, Kex2 and 

Ste13, are cleavage sites important for processing of the α-factor mating signal sequence 

located in the pPICZα expression vector.  After these cleavage sites, Jun a 3 specific 

sequences follow; the 5’ Jun a 3 primer contains 20 bases of the Jun a 3 coding sequence 

while the 5’ Jun a 3 Sig primer contains 20 bases of the Jun a 3 native signal peptide 

sequence.  The same 3’ Jun a 3 primer was used to create both constructs.  This primer 

contained (5’ → 3’) the same GC-rich clamp as the 5’ primers, followed by a Not I 

restriction enzyme site and then a stop codon.  The next part of the primer contained 20 

bases coding for the Jun a 3 C-terminus.  PCR was performed using Vent polymerase 

(Promega, Madison, WI, USA), and the cycles were as follows:  94°C/5 minutes for 1 

cycle; 94°C/1 minute, 56°C/1 minute, 72°C/1 minute for 30 cycles; 72°C/5 minutes for 1 

cycle. 

 
Construction of the pPICZα-Jun a 3 Expression Plasmid 

 The pPICZα vector was purchased from Invitrogen (Carlsbad, CA, USA).  

Restriction digests were performed on this vector and both Jun a 3 and Jun a 3-Sig PCR 

products using Xho I and Not I.  The digested Jun a 3 PCR products were then ligated 

into the digested pPICZα vector.  The pPICZα-Jun a 3 (pPICZα-J3) and pPICZα-J3Sig 

(pPICZα-J3Sig) ligation products were transformed into competent DH5α E. coli cells 

according to company protocols (Invitrogen, Carlsbad, CA, USA).  Transformants were 

plated on low salt LB plates supplemented with Zeocin (25 μg/ml).  PCR was used to  
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       A)  5’ Jun a 3 Primer 
 
       5’  GCGG   CTCGAG  AAAAGA  GAGGCT  GCCCGAGTATCAGAGCTTGC  3’ 
            -clamp-   --Xho I--   ---KEX2--   --STE13-   ---------------Jun a 3----------------- 
 
 
       B)  5’ Jun a 3 Sig Primer 
 
       5’  GCGG  CTCGAG  AAAAGA   GAGGCT  GTGAAGTTTGATATAAAGAA  3’ 
            -clamp-  --Xho I--   ---KEX2--   --STE13--    -------------Jun a 3 signal----------- 
 
 
       C)  3’  Jun a 3 Primer 
 
       5’  GCGG    GCGGCCGC   TCA    AGGGCAGAATACAATACTGT  3’ 
            -clamp-    -----Not I----    Stop    -----------Jun a 3 C-terminus-------- 
 

 
Figure 3.1  Primer Design for Cloning Jun a 3 into pPICZα 

 
 

select for clones containing the Jun a 3 insert.  DNA sequencing performed by 

Northwood DNA, Inc., verified these results.  Plasmids containing the Jun a 3 insert were 

completely linearized with Sac I restriction enzyme, and the purified fragments were used 

to electroporate P. pastoris cells, strain GS115 (Invitrogen, Carlsbad, CA, USA), to allow 

a single crossover recombination event at the AOXI locus.  In addition, linearized 

pPICZα was also transformed into P. pastoris cells as a negative control.  Transformants 

were plated on yeast extract peptone dextrose sorbitol medium/Zeocin (100 μg/ml) and 

incubated at 30ºC for 3 days.  Five colonies from each construct were then plated onto 

minimal methanol histidine (MMH) plates to determine which colonies were able to 

utilize methanol efficiently (Mut+ phenotype).  The plates were incubated for 2 days at 

30ºC.      
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Expression of Jun a 3 
 
 Clones with the Mut+ phenotype were inoculated into 50 ml of buffered glycerol 

complex medium in a 500 ml baffled flask and allowed to grow at 30ºC with shaking at 

250 rpm for approximately 30 hours, or until the OD600 reached 2-6.  The culture was 

then centrifuged, and the remaining cell pellet was resuspended in buffered methanol 

complex media to an OD600 of 1.0 to induce expression.  Cultures were shaken in 500 ml 

baffled flasks at 30ºC for 96 hours.  Methanol was added daily to a final concentration of 

0.5%, and samples were taken daily to evaluate expression levels. 

 Cells were cleared from the culture samples by centrifugation, and the 

supernatants were analyzed with SDS-PAGE (15% polyacrylamide separating gel).  The 

gels were stained with Coomassie Blue for protein detection. 

 
Western Blotting 

 Proteins were transferred from the polyacrylamide gels to a PVDF membrane 

(Amersham, Piscataway, NJ, USA) using the semi-dry transfer protocol according to Bio-

Rad (Bio-Rad, Hercules, CA, USA).  Membranes were blocked in 5% non-fat dry milk 

for 1 hour at room temperature and then incubated with a rabbit-derived polyclonal anti-

Jun a 3 IgG antibody, provided by R. Goldblum (UTMB Galveston, TX), at a final 

concentration of 1 μg/ml in TBS-Tween for one hour at room temperature.  After 

washing the membrane, goat anti-rabbit IgG-HRP conjugate (1:1000, Sigma) was added 

and incubated for 1 hour at room temperature.  Visualization was performed 

colorimetrically using DAB (3’3’-diaminobenzidine) as a substrate (Sigma, St. Louis, 

MO, USA).   
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ELISA Experiments  

 ELISA experiments were performed by coating the wells of a microtiter plate 

(Corning, Costar) with 100 μl of 10 μg/ml of the recombinant Jun a 3 extract and 

incubated at 4°C overnight.  Recombinant Jun a 3 produced in plants served as a positive 

control, and culture from yeast cells transformed with pPICZα (no Jun a 3 insert) served 

as a negative control.  One hundred microliters of each of these controls were also bound 

to the plate and incubated at 4ºC overnight.  After washing with TBS-Tween, the plate 

was blocked with 5% non-fat dry milk and incubated for 30 minutes at room temperature.  

The wells were washed again, and 100 μl of pooled Jun a 3-allergic patient sera or 100 μl 

of Jun a 3-non-allergic patient sera diluted 1:10 in PBS (R. Goldblum, UTMB Galveston, 

TX) were added to each well and incubated at room temperature for 2 hours.  After 

washing, 100 μl of anti-human IgE-HRP conjugate (1:5000) (Sigma, St. Louis, MO, 

USA) were added to each well and incubated at room temperature for 1 hour.  The wells 

were washed, and color substrate, TMB (3, 3', 5, 5'-tetramethylbenzidine; Sigma, St. 

Louis, MO, USA), was added to each well and incubated for 1 hour at room temperature.  

The reaction was stopped by adding 100 μl of 2 M HCl per well.  The OD was read at 

450 nm with an ELISA plate reader (Labsystems Multiskan RC). 

 
Results 

 
Cloning of Jun a 3   

 Two different expression vectors were successfully constructed, pPICZα-J3Sig 

and pPICZα-J3, both of which contained the α-factor mating signal sequence from S. 

cerevisiae.  pPICZα-J3Sig contained the Jun a 3 cDNA including its native signal peptide 
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sequence; therefore, this construct contained a double signal peptide.  pPICZα-J3 

contained just the coding sequence of Jun a 3 without its native signal peptide.  Upon 

transformation into E. coli, a positive clone containing Jun a 3 for each construct was 

determined by PCR and DNA sequencing.  Complete linearization of the plasmids with 

Sac I was confirmed by agarose gel electrophoresis. 

 
Transformation of Pichia pastoris 

 Upon transformation of electrocompetent Pichia pastoris cells (GS115), several 

yeast colonies were obtained for each construct.  Ten colonies from each construct were 

further examined for their ability to utilize methanol efficiently (Mut+ phenotype).    

Approximately 90% of the transformants were Mut+ phenotype and therefore could be 

used for expression.  Two clones of the pPICZα-J3 construct (J3-1 and J3-2), three clones 

of the pPICZα-J3Sig construct (J3Sig-1, J3Sig-2, J3Sig-3), and one clone of pPICZα-

transformed cells (vector control) were used for expression.  These cultures were induced 

with methanol and samples were taken every 24 hours.  SDS-PAGE analysis of samples 

collected at T0 showed no protein being secreted into the media, and very little protein 

was seen at T24 (Figure 3.2).  However, induction was seen beginning at T48 where 

proteins were secreted for clones J3-1, J3-2 (very little), J3Sig-1, and J3Sig-2.  

Specifically J3-1, J3Sig-1, and J3Sig-2 contained a band (34 kDa) that migrated around 

the approximate size of native Jun a 3 (30 kDa).  This 34 kDa band had a strong intensity 

in the J3-1 sample, with the other two clones had a weaker intensity band.  These three 

clones continued to express this 30 kDa protein at T72 and T96.  The expression level of 

J3-1 remained high, but J3Sig-1 and J3Sig-2 continued to express the protein at low 

levels throughout the time course.  Clone J3-2 showed a 34 kDa protein at T96, but the 
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expression level was very low.  Clone J3Sig-3 showed no protein expression at all 

throughout the time course.  The vector control clone showed induction at T72, and at this 

time point and at T96 there was not a band migrating at 30 kDa as seen in some of the 

other clones (Figure 3.3). 

 A crude quantification was performed by comparing the intensity of the rJun a 3 

bands with known concentrations of BSA when run on the same SDS-PAGE gels.  The 

J3-1 clone had the highest level of expression at approximately 100 mg/liter.  The other 

clones that expressed rJun a 3 at lower levels were approximately in the 10-20 mg/liter 

range.  

 

  

                   Figure 3.2  SDS-PAGE of Yeast Culture Supernatants Taken at T24. 
                          1) vector control   2) J3-1   3) J3-2   4) J3Sig-1   5) J3Sig-2    

       6) J3Sig-3   M) Size Marker 
 
 
Immunoblotting 

 The 34 kDa band believed to be recombinant Jun a 3 was further analyzed via 

Western blotting using an anti-Jun a 3 polyclonal antibody.  Samples from the five Jun a 

3 clones and the vector control at T0 were probed as well as the same samples taken at 

T96.   Samples  of  clones  J3-1  and  J3-2 taken at T72 were also probed with the antibody.   

          1    2     3    4    5    6   M 
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       Figure 3.3  SDS-PAGE of Yeast Culture Supernatants Taken at T48, T72 and T96. 
              M) Size Marker  1) vector control   2) J3-1  3) J3-2  4) J3Sig-1  5) J3Sig-2     
       6) J3Sig-3   7) vector control   8) J3-1  9) J3-2   10) J3Sig-1   11) J3Sig-2   
      12) J3Sig-3   13) vector control   14) J3-1  15) J3-2   16) J3Sig-1  17) J3Sig-2  
      18) J3Sig-3    
 

 

M      1        2       3       4      5      6        7       8       9 

T48 T72 

 M     10      11    12     13     14     15     16    17    18    

T72 T96 

rJun a 3 

rJun a 3 
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The results demonstrated that the 34 kDa band found in J3-1 and J3-2 taken at T72 and 

and T96.  The other four Jun a 3 clones were unable to bind the antibody.  Recombinant 

Jun a 3 expressed in plants was used as a positive control and was able to bind the 

antibody in a manner similar to the yeast expressed J3-1.  No binding was seen for T0 

samples or vector controls (Figure 3.4).   

 
 
 

 

 

 

 

 
Figure 3.4  Western Blot of Yeast Culture Supernatants with Anti-Jun a 3 Antibody. 

         1) Protein Marker  2) vector control   3) J3-1   4) J3-2   5) J3Sig-1   6) J3Sig-2     
     7) J3Sig-3   8-9) rJun a 3 from plants   10) Protein Marker  11) vector control    
     12) J3-1  13) J3-2   14) J3Sig-1  15) J3Sig-2   16) J3Sig-3   17) J3-1  18) J3-2     

 
 

ELISA Experiments 

 ELISA experiments were performed to show that the recombinant Jun a 3 from 

J3-1 contained the necessary IgE epitopes to bind allergic patient sera.  The supernatant 

from vector control yeast was bound as a negative control.  Recombinant Jun a 3 

expressed in plants served as a positive control.  The bound proteins were probed with 

both allergic and non-allergic sera, and the experiment was performed in duplicate.  The 

vector control clone was unable to bind patient sera to the degree that both the J3-1 clone 

        1      2      3      4       5       6      7       8     9   

         10     11     12     13     14     15     16    17    18   

T0 

T96 T72 
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and the rJun a 3 expressed in plants were able to bind.  In addition, the recombinant Jun a 

3 proteins were unable to bind sera from non-allergic individuals to the degree they 

bound sera from allergic individuals (Figure 3.5). 
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Figure 3.5  ELISA Data With Jun a 3 Allergic and Non-allergic Sera. 
 
 

Discussion 
 

 There is a growing need for recombinant allergens for both clinical applications 

and for structural studies.  These allergens must closely resemble their native 

counterparts, having the correct folding patterns as well as IgG and IgE epitopes.  Several 

systems have been evaluated for their ability to express recombinant allergens.  This is 

the first study to report the expression of a cedar allergen in a yeast expression system.    

Jun a 3 from mountain cedar pollen is a cause of much lost productivity within the south 

central Texas region, and a crystal structure for this protein has yet to be resolved 

(personal communication, Terumi Midoro-Horiuti).  Two different constructs were 

created to see which would result in the best expression of recombinant Jun a 3.  The 
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highest level of secreted expression (~100 mg/liter) was obtained with J3-1, which did 

not contain the native Jun a 3 signal peptide; rather it had a signal peptide native to yeast.  

A different clone, J3-2, which had the same signal peptide was unable to express high 

levels of recombinant Jun a 3.  The expression of secreted proteins was also evaluated for 

three clones that contained a double signal peptide, with the yeast signal as well as the 

native Jun a 3 signal peptides.  Expression was very low for clones J3Sig-1 and J3Sig-2 

(~10-20 mg/liter), and J3Sig-3 was unable to secrete any protein at all into the culture 

media.   

 Expression in P. pastoris has been achieved for other important allergens such as 

two allergens from dust mites, Der f 1 and Der p 1.  The double signal peptide and the 

single yeast signal peptide constructs were also used in these studies to evaluate the best 

construct for extracellular expression.  In contrast to our results, the clone containing the 

double signal peptide gave the highest levels of secreted recombinant protein, and the 

clone with only its native signal peptide gave lower expression.  The highest expression 

level for recombinant Der p 1 was the same as ours at approximately 100 mg/liter.  The 

recombinant Der f 1 was much lower at 30 mg/liter (Best and others 2000); (Jacquet and 

others 2002).  This confirms that success in the P. pastoris system is largely protein 

specific; each protein will behave differently in the system.  Characteristics such as 

extracellular secretion, expression levels, glycosylation patterns, protein folding, and 

allergenicity will vary within the system. 

 Yeast expression systems have generally been known for hyperglycosylating 

proteins.  The P. pastoris system was developed to circumvent this, as it adds fewer sugar 

residues than other yeasts such as S. cerevisiae.  The proteins that are hyperglycosylated 
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by P. pastoris will migrate as a broad, diffuse band at higher molecular weights than 

normal due to the addition of these carbohydrate residues (Best and others 2000)).  The 

recombinant Jun a 3 produced in this system migrated as a sharp and distinct band at 34 

kDa.  This molecular weight is a little larger than the expected 30 kDa of native Jun a 3.  

This most probably reflects the addition of extra sugar residues to the single putative 

glycosylation site of Jun a 3.  However, because recombinant Jun a 3 migrates as a sharp 

band, most likely the hyperglycosylation was moderate rather than extreme. 

 Recombinant Jun a 3 (J3-1) was also shown to contain IgG and IgE epitopes 

similar to the native Jun a 3.  Immunoblotting showed that the 34 kDa band of the J3-1 

supernatant was able to bind anti-Jun a 3 antibodies.  The other clones with less intense 

bands were unable to bind the antibody.  This could be due to their low concentrations, or 

perhaps their low expression levels are a result of improper processing, causing them to 

lose some of the necessary IgG epitopes.  J3-1 recombinant Jun a 3 was further shown to 

contain IgE epitopes similar to the native Jun a 3, as it was able to bind IgE from allergic 

patient sera.  In conclusion, this study has shown that P. pastoris can be used to express 

high levels of soluble, immunogenic recombinant Jun a 3 that is secreted extracellularly.  

This system is suitable for further studies in crystallography and mutational analysis of 

this allergen. 
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CHAPTER FOUR 
 

Transient Expression of a Cypress Pollen Allergen, Cup s 1, in Nicotiana benthamiana 
Plants Using a Tobacco Mosaic Virus Vector

 
 

Abstract 
 
 Plant expression systems are quickly gaining respect for their ability to produce 

high quantities of recombinant proteins that are glycosylated and soluble.  Of particular 

interest is the use of plant expression systems to express plant-source allergens, providing 

a homologous system which allows for correct processing of the protein.  This study has 

utilized a transient plant expression system under the direction of a tobacco mosaic virus 

vector to express a major Italian cypress pollen allergen, Cup s 1.  The gene, including its 

signal peptide, was placed under the control of the TMV-U1 coat protein subgenomic 

promoter.  After in vitro transcription, infectious RNA was inoculated onto N. 

benthamiana plants.  Interestingly, ten days post-inoculation some of the plants began to 

have a systemic necrotic response as seen in the constriction of stems and veinal necrosis.  

However, these necrotic plants were still able to transcribe the full-length Cup s 1 mRNA 

as seen in RT-PCR analysis of infected plant tissue, and the recombinant Cup s 1 protein 

was expressed as well.  Those plants that did not die, but showed obvious signs of TMV 

infection, had vectors which deleted portions of the Cup s 1 gene, as smaller RT-PCR 

products were detected.  Thus, only the necrotic plants expressed the recombinant Cup s 

1.  Plant death may be due to a hypersensitivity response or to the degradation of pectin 

due to pectate lyase activity, since Cup s 1 is structurally similar to pectate lyases.  rCup s 

1 expressed in the necrotic plants appears to resemble the native allergen, as it has the 
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ability to bind to IgG antibodies specific to an allergen that cross-reacts with Cup s 1.  In 

addition, rCup s 1 also bound IgE found in allergic patient sera in a manner similar to the 

native allergen. 

 
Introduction 

 
 Molecular farming is defined as the production of pharmaceutically important and 

commercially valuable proteins in plants.  An example of molecular farming is the use of 

plants as heterologous protein expression systems, which can produce recombinant 

proteins on a large-scale for therapeutic uses (Fischer and Emans 2000).  

In particular, plant expression systems can provide a homologous means of producing 

plant proteins such as plant pollen allergens.  Recombinant allergens produced in plants 

have proven to be correctly folded, glycosylated, and very similar to the native allergen 

(Krebitz and others 2003; Krebitz and others 2000).  These advantages, along with the 

advantages of low toxicity and low cost, allow recombinant allergens to have therapeutic 

value.  This is not always true of other expression systems such as bacteria.  Tobacco 

mosaic virus (TMV)-based vectors comprise a powerful plant expression system, which 

allows transient expression of the recombinant protein.  Several allergens have been 

successfully produced in these vectors: Bet v 1 from birch (Krebitz and others 2000), 

latex allergens Hev b 1 and Hev b 3 (Breiteneder and others 2001), Mal d 2 from apple 

(Krebitz and others 2003), and mountain cedar allergens Jun a 1 and Jun a 3 

(unpublished, Varshney, Moehnke). 

 Another major allergen, Cup s 1 from Cupressus sempervirens, has been a source 

for allergic disease in countries bordering the Mediterranean during February through 

March when these trees pollinate.  With a molecular weight of 42 kDa, Cup s 1 is the 



 

 

89

major pollen allergen of C. sempervirens (Ford and others 1991).  Cup s 1 has a high 

degree of homology with other cypress pollen allergens, as well as cedar allergens.  There 

is 75-90% homology between Cup s 1 and Cup a 1 (Cupressus arizonica, Arizona 

cypress), Cry j 1 (Cryptomeria japonica, Japanese cedar), Cha o 1 (Chamaecyparis 

obtuse, Japanese cypress), and Jun a 1 (Juniperus ashei, mountain cedar) (Midoro-Horiuti 

and others 1999a; Panzani and others 1986).  Structural and other studies have shown that 

all of these allergens potentially have pectate lyase activity, although the only one proven 

to be an active pectate lyase is Cry j 1.   

 This is the first report of a cypress allergen produced in a plant expression system.  

A TMV-based expression system was used to produce biologically active Cup s 1.  

Interestingly the plants that expressed Cup s 1 showed a systemic necrotic response at 10 

days post-inoculation.  This may be due to a hypersensitivity response in the plant, which 

has been seen in the production of some other proteins in this system (personal 

communication, G. Pogue, Large Scale Biology Corporation).  However, it has been 

proposed that the necrotic response could also be due to the pectate lyase nature of the 

recombinant protein.  This response was seen in the production of Jun a 1 in the same 

system which also has putative pectate lyase activity (unpublished, Varshney).  However, 

neither Jun a 1 nor Cup s 1 have been shown to have pectate lyase activity to date. 

 
Materials and Methods 

 
Isolation of Cupressus sempervirens RNA and cDNA Synthesis 

 Pollen from Italian cypress was generously provided by Terumi Midoro-Horiuti 

(UTMB, Galveston, TX).  Fifty milligrams of this pollen were used to extract total RNA 
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according to company protocols (Promega, Madison, WI, USA).  Reverse transcription of 

2 μg of mRNA was achieved using an olio-dT primer and a M-MLV reverse transcriptase 

(Promega, Madison, WI, USA).  With this product as a template, PCR was used to 

generate cDNA specific for Cup s 1.  The 5’ primer contained 4 bases of a GC-rich clamp 

sequence to promote strong binding to the template, followed by a Pac I site and 21 bases 

of the Cup s 1 signal peptide sequence.  The ninth nucleotide of the Cup s 1 signal 

peptide is a cytosine; however, the primer was designed with an adenine silent mutation 

in its place so that four cytosine residues would not be adjacent to one another, which 

could result in the formation of primer dimers or hairpin loops within the primer.  An 

adenine was used such that the codon would still code for the same amino acid (serine).  

The 3’ primer contained the same GC-rich clamp, followed by a Xho I site, and a stop 

codon.  Eighteen bases coding for the Cup s 1 C-terminus followed.  PCR was performed 

using Vent polymerase (Promega, Madison, WI, USA), and the cycles were as follows:  

95°C/1 minute for 1 cycle; 95°C/1 minute, 58°C/1 minute, 68°C/2 minutes for 30 cycles; 

68°C/10 minutes for 1 cycle. 

 
A)  5’ Cup s 1 Primer 
 
5’    GCGG     TTAATTAA    ATGGATTCACCATGCTTAATA   3’ 
       -clamp-    -----Pac I-----     ---------------Cup s 1------------------ 
 
 
B)  3’ Cup s 1 Primer 
 
5’    GGCG   CTCGAG   TTA     TGCTACAACTCCTGCATT    3’ 
       -clamp-  --Xho I---  -stop-     ---------Cup s 1 C-terminus------- 

 
 

Figure 4.1  Primer Design for RT-PCR of Cup s 1 
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Construction of the pBSG1057-Cup s 1 Expression Plasmid 

 Large Scale Biology Corporation (Vacaville, CA, USA) provided a 30B-based 

TMV vector, pBSG1057.  Restriction digests were performed on the TMV vector and the 

Cup s 1 PCR product using Pac I and Xho I, and this was followed by ligation of Cup s 1 

into the TMV vector.  The pBSG1057-Cup s 1 ligation product was transformed into 

competent DH5α E. coli cells via electroporation according to company protocols 

(Invitrogen, Carlsbad, CA, USA).  PCR was used to select for clones containing the Cup 

s 1 insert, and these clones were verified via sequencing using a CEQ capillary sequencer 

(Beckman Coulter, Fullerton, CA, USA). 

 
In Vitro Transcription and Inoculation of N. benthamiana Plants 

 Two of the pBGS1057-Cup s 1 clones were used to generate capped, infectious 

RNA via in vitro transcription using a T7 RNA polymerase from Ambion’s mMessage 

mMachine™ (Ambion, Austin, TX, USA).  The reaction was initially incubated at 37°C 

for 15 minutes, then 1 μl of 30 mM GTP was added, and finally the reaction was 

incubated for two hours.  An equal volume of FES buffer (0.1 M glycine pH 8.9, 0.06 M 

K2HPO4, 1% sodium pyrophosphate, 1% celite, 1% bentonite) was added to the reaction, 

and two leaves were inoculated per plant (10 μl per leaf) with gentle rubbing.  In order to 

monitor infection and protein expression, pBSG1057 carrying the gene that encodes 

green fluorescent protein (GFP) was also in vitro transcribed and inoculated onto the N. 

benthamiana plants.  The virus was passaged to larger plants at 10 days post-inoculation 

by grinding 1 g of infected leaf material with 1 ml of GP-Celite Buffer (50 mM glycine 

pH 8.9, 30 mM K2HPO4, 1% celite) and rubbing the inoculum onto two leaves per plant. 

 



 

 

92

Detection of Viral RNA and Extraction of Cup s 1 Protein 
 
 Ten days post-inoculation, total RNA was extracted from 100 mg of systemically 

infected leaves using Qiagen’s RNeasy Plant Mini Kit (Qiagen, Santa Clarita, CA, USA).  

RNA was also extracted from uninfected plants and plants producing GFP for use as 

controls.  The RNA was reverse transcribed using an oligo-dT primer according to 

company protocols (Promega, Madison, WI, USA).  PCR was performed on this product 

using primers specific to the TMV vector that flank the inserted gene.  The PCR cycles 

were as previously mentioned.  pBSG1057-specific primers used are as follows (written 

in 5’ to 3’ direction):  5’ GGAGGCTACTGTCGCCGAATC and 3’ TGAACCATATAC 

ATTTGACC. 

 At 10 days post-inoculation, protein was extracted from the plant apoplast.  Two 

grams of leaf material were completely immersed in a beaker of infiltration buffer (100 

mM Tris-Cl pH 7.5, 10 mM MgCl2, 2 mM EDTA), and a vacuum was applied.  After two 

minutes, the vacuum was removed to allow the buffer to rapidly flow into the leaf 

material.  The leaves were placed in a strainer cup inserted into a centrifuge tube and 

centrifuged at 2000 x g for 10 minutes at 4°C (McCormick and others 1999). 

 SDS-PAGE (15% polyacrylamide separating gel) was used to analyze the protein 

extract, and gels were stained with Coomassie Blue for protein detection. 

 
Immunoblotting Experiments 

 Proteins were transferred from polyacrylamide gels to a PVDF membrane 

(Amersham, Piscataway, NJ, USA) using the semi-dry transfer protocol according to 

company protocols (Bio-Rad, Hercules, CA, USA).  Membranes were blocked in 5% 

non-fat dry milk for 1 hour at room temperature and then incubated with a mouse-derived 
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monoclonal anti-Cry j 1 IgG antibody (KW-S91, cross-reactive to Cup s 1), provided by 

R. Goldblum (UTMB Galveston, TX), at a final concentration of 1 μg/ml in TBS-Tween 

for one hour at room temperature.  After washing the membrane, goat anti-mouse IgG-

HRP conjugate (1:1000) was added and incubated for 1 hour at room temperature.  

Visualization was performed colorimetrically using DAB (3’3’-diaminobenzidine) as a 

substrate (Sigma, St. Louis, MO, USA).   

 Immunodetection was also performed via dot blot according to company 

protocols (Amersham, Piscataway, NJ, USA).  One microliter of protein extract was 

carefully applied to a PVDF membrane and allowed to air dry.  After the membrane was 

rewet in methanol and water, it was blocked in 5% non-fat dry milk for 1 hour at room 

temperature.  The membrane was then incubated (as performed above) with the KW-S91 

antibody.  After washing the membrane, goat anti-mouse IgG-HRP conjugate (1:1000) 

was applied and incubated for 1 hour at room temperature.  Visualization was performed 

as described above.   

 
ELISA Experiments  

 ELISA experiments were performed by coating the wells of a microtiter plate 

(Corning, Costar) with 100 μl of 1 μg/ml, 5 μg/ml, or 10 μg/ml of the Cup s 1 extract and 

incubated at 4°C overnight.  Native Jun a 1 (positive control) and pBSG1057-GFP-

inoculated extract (negative control) were also bound to the plate in the same manner.  

After washing with TBS-Tween, the plate was blocked with 5% non-fat dry milk and 

incubated for 30 minutes at room temperature.  The wells were washed again, and 100 μl 

of pooled Jun a 1-allergic patient sera (1:10) or 100 μl of Jun a 1-non-allergic patient sera 

(R. Goldblum, UTMB Galveston, TX) were added to each well and incubated at room 
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temperature for 2 hours.  After washing, 100 μl of anti-human IgE-HRP conjugate 

(1:5000) (Sigma, St. Louis, MO, USA) were added to each well and incubated at room 

temperature for 1 hour.  The wells were washed, and color substrate, TMB (3, 3', 5, 5'-

tetramethylbenzidine; Sigma, St. Louis, MO, USA), was added to each well and 

incubated for 1 hour at room temperature.  The reaction was stopped by adding 100 μl of 

2 M HCl per well.  The OD was read at 450 nm with an ELISA plate reader (Labsystems 

Multiskan RC). 

 A second ELISA experiment was performed in a similar way.  The microtiter 

plate wells were coated with 100 μl of 1 μg/ml or 5 μg/ml of the Cup s 1 extract and 

incubated at 4°C overnight.  Native Jun a 1 was bound as a positive control.  After 

washing with TBS-Tween, 5% non-fat dry milk was added, incubated for 30 minutes at 

room temperature for blocking, and then the wells were washed.  For this experiment, 

five different individual Jun a 1-allergic patient sera were used instead of the pooled sera 

used in the previous ELISA experiment.  100 μl of each individual serum was added to 

the wells and incubated at room temperature for 2 hours.  The rest of the procedure 

remained the same.   

 The last ELISA experiment performed was a competitive cross-inhibition ELISA, 

designed to show if the recombinant Cup s 1 was similar enough to native Jun a 1 to 

inhibit Jun a 1 binding to allergic patient sera.  Jun a 1-specific serum pool was diluted 

1:10 in PBS and pre-incubated with 0, 10, or 60 μg/ml of rCup s 1 extract at 4ºC 

overnight with inversion.  As a control, the serum pool (1:10) was also pre-incubated 

with 60 μg/ml of BSA in the same manner.  Microtiter plates were coated with 2 μg/ml of 

native Jun a 1 (100 μl per well) and incubated at 4ºC overnight.  After washing the wells 
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with TBS-Tween, 5% non-fat dry milk was added to each well for blocking and 

incubated for 30 minutes at room temperature.  Following a washing step, 100 μl of the 

pre-incubated sera were added to each well and incubated at room temperature for 2 

hours with gentle shaking.  After washing with TBS-Tween, 100 μl of anti-human IgE-

HRP conjugate (1:5000) (Sigma, St. Louis, MO, USA) were added to each well and 

incubated at room temperature for 1 hour.  Detection was performed with TMB substrate 

as previously described.  Percent inhibition was calculated as [ (A-AI) / A ] x 100, where 

A represents the absorbance after pre-incubation without the rCup s 1 inhibitor, and AI 

represents the absorbance after pre-incubation with the rCup s 1 inhibitor. 

 
Results 

 
Construction of pBSG1057-Cup s 1 and In Vitro Transcription   

 The Cup s 1 coding sequence, including its signal peptide, was inserted into the 

pBSG1057 vector under the control of the TMV-U1 coat protein subgenomic promoter.  

PCR was performed using primers specific to Cup s 1; the results showed that the gene 

was present within the viral vector, and the gene was in the correct orientation.  DNA 

sequencing further confirmed these results.  Two different clones, named pBSG1057-

C1A and pBSG1057-C1B, were used directly to generate infectious viral RNA via in 

vitro transcription, which was subsequently used to inoculate N. benthamiana plants. 

 
Expression of Cup s 1 in N. benthamiana Plants 

 Ten days post-inoculation, the expected signs of infection such as mottled, 

deformed leaves were apparent not only in locally inoculated leaves, but in systemic 

leaves as well.  However, in addition to this, an unusual result was seen in plants 
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inoculated with pBSG1057-C1B; these plants displayed a veinal necrotic response in 

which the stems became constricted, causing the leaves to wilt.  Plants inoculated with 

pBSG1057-C1A only showed the typical TMV symptoms without the necrotic response 

(Figure 4.2).   

 

             

Figure 4.2  pBSG1057-C1B-inoculated Plants. 
A)  5 days post-inoculation    B)  10 days post-inoculation 

 

 Total RNA was extracted from the systemically-infected leaves of both necrotic 

and non-necrotic first passage plants, as well as pBSG1057-GFP-inoculated and 

uninoculated plants as controls.  These RNA extracts were analyzed by RT-PCR with 

insert-flanking primers.  The single product from pBSG1057-C1B-inoculated plants 

migrated at the expected 1.2 kb, confirming the stability of the Cup s 1 insert in the 

vector.  Plants infected with pBSG1057-C1A had several RT-PCR products, but the two 

main products were the expected 1.2 kb Cup s 1 band and a more prominent band at 

approximately 1.0 kb.  Plants inoculated with pBSG1057-GFP had a single RT-PCR 

product at the expected 850 base pairs, and no product was observed in uninoculated 

plants (Figure 4.3). 

A B 
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 Virions from necrotic plants (pBSG1057-C1B) were passaged to larger plants 

(second passage), resulting in infection of the larger plants.  At 8 days post-inoculation, 

these plants began to show symptoms of TMV infection, and at 10 days post-inoculation, 

they developed a necrotic response as seen in first passage plants.  RNA extraction and 

subsequent RT-PCR of these second passage plants revealed a single 1.2 kb product, 

confirming insert stability (Figure 4.3). 

 

                

 
      Figure 4.3  RT-PCR Performed on Total Plant RNA Extraction.  1)  uninoculated   
      2)  pBSG1057-GFP  3) necrotic plants (pBSG1057-C1B)  4) non-necrotic  
                 plants (pBSG1057-C1A)    M) size marker  5)  2nd passage necrotic plants   
      

 Because the plants were dying, samples for protein extraction were harvested at 

10 days post-inoculation as opposed to the normal 21 days post-inoculation.  Proteins 

were extracted via apoplastic fluid collection from necrotic and non-necrotic plants, as 

well as vector-GFP-inoculated plants and uninoculated plants as controls, and separated 

by SDS-PAGE.  SDS-PAGE revealed a band migrating at approximately 40 kDa in the 

necrotic plant extracts (pBSG1057-C1B) that was not present in the control extracts.  

SDS-PAGE also revealed that second passage plants inoculated with pBSG1057-C1B 

were able to express Cup s 1, although at a lower level than first passage plants.  

 1    2    3             4               M    5 

  Cup s 1 
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However, plants inoculated with pBSG1057-C1A RNA were unable to express the 

recombinant Cup s 1.  Lane 5 of Figure 4.4 displays native Jun a 1, which is homologous 

to Cup s 1, showing that both proteins appear to migrate in a similar manner.  There was 

no protein present at 40 kDa for either the uninoculated or the pBSG1057-GFP protein 

extracts. 

 

 

Figure 4.4  SDS-PAGE of Cup s 1 Protein Extractions.  M)  size marker  1) uninoculated  
           2) pBSG1057-GFP  3) pBSG1057-C1A   4) pBSG1057-C1B  5) native Jun a 1  
           (43 kDa)   6) 2nd passage pBSG1057-C1B 
 
 
Immunoblotting 

 Recombinant Cup s 1 was further analyzed via Western blotting using a mouse- 

derived monoclonal anti-Cry j 1 antibody, KW-S91.  Because Cry j 1 and Cup s 1 are 

cross-reactive, KW-S91 binds native Cup s 1.  Figure 4.5 is a Western blot (transferred 

from the gel seen in Figure 4.4) showing that recombinant Cup s 1 does in fact bind to the 

KW-S91 antibody (lane 4) similarly to native Jun a 1 (lane 5).  Extracts from pBSG1057-

C1A-inoculated plants did not bind to the antibody, further confirming that Cup s 1 was 

not expressed in these plants (lane 3).  Second passage plants inoculated with necrotic 

 M      1      2       3      4      5      6 

rCup s 1 
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leaves were able to bind the antibody (lane 6).  Extracts from the GFP construct (lane 2) 

and uninoculated (lane 1) controls were unable to bind the antibody.   

Dot blots using the KW-S91 antibody were also carried out on various extracts.  

Uninoculated and pBSG1057-GFP-inoculated plant controls did not bind to KW-S91, 

and neither did the plant extracts from pBSG1057-C1A-inoculated plants.  As expected, 

the plant extracts from pBSG1057-C1B-inoculated first and second passage plants, as 

well as the native Jun a 1, all bound the antibody (Figure 4.6). 

 

 

     Figure 4.5  Western Blot Using KW-S91 Antibody. M) size marker  
                1) uninoculated   2) pBSG1057-GFP  3) pBSG1057-C1A    
                4) pBSG1057-C1B  5) native Jun a 1  6) 2nd passage pBSG1057-C1B 

 

    

 
 

      Figure 4.6  Dot Blot Using KW-S91 Antibody.  1) uninoculated   
      2) pBSG1057-GFP  3) pBSG1057-C1A   4) pBSG1057-C1B   
                            5) native Jun a 1  6) 2nd passage pBSG1057-C1B  

 
 
ELISA Experiments 

 ELISA experiments were performed to verify that the recombinant Cup s 1 would 

bind to IgE found in allergic patient sera.  The Cup s 1 extracts bound allergic patient sera 

in a concentration-dependent manner.  As the concentration of rCup s 1 increased, so did 

 

  M    1     2     3      4      5       6 

1   2    3    4     5       6 
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its binding to the sera.  Patient sera taken from non-allergic individuals did not 

significantly bind rCup s 1.  As expected, native Jun a 1 bound the allergic patient sera, 

and absorbance values indicate that rCup s 1 binds in a similar manner.  Extracts from 

plants inoculated with pBSG1057-GFP did not significantly bind allergic patient sera 

(Figure 4.7). 

 A similar ELISA experiment confirmed the previous results.  Each of five 

different sera from individual patients was able to bind rCup s 1, while binding was low 

in sera from a non-allergic individual.  As expected, native Jun a 1 was able to bind to 

each of the five allergic sera with little binding to the non-allergic serum.  In 5 out of 6 of 

the sera (sera 1, 3, 4, 5, and non-allergic), rCup s 1 bound more sera than the native Jun a 

1.  In sera 2, both rCup s 1 and the native Jun a 1 had similar binding.  Figure  4.8 gives 

these results as the average of two independent trials.   

Using the serum pool of Jun a 1 allergic patients, cross inhibition was determined 

via ELISA experiments.  Three separate trials were conducted, all three demonstrating 

that the rCup s 1 was similar enough to native Jun a 1 to inhibit the binding of Jun a 1 to 

the sera (Figure 4.9).  At a concentration of 10 μg/ml of rCup s 1, there was 73.8% 

inhibition of the native Jun a 1.  This increased to 75.6% inhibition when the 

concentration of rCup s 1 increased to 60 μg/ml.  No significant inhibition was seen when 

sera pre-incubated with 60 μg/ml of BSA was applied to the bound native Jun a 1 (Figure 

4.9).   

 
Discussion 

This study reports for the first time the production of a cypress pollen allergen 

using  a  transient  plant-based  expression  system.    The  cDNA  clone  of  Cup s 1  was  
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Figure 4.7  ELISA Data Using Patient Sera. 
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Figure 4.8  ELISA: Binding of Individual Patient Sera.  Five allergic individuals’ sera 
 (“allergic 1-allergic 5”) were bound to rCup s 1 and native Jun a 1.  “Non-
 allergic” indicates sera from an individual who is not allergic to Jun a 1.  
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 Figure 4.9  Cross-inhibition ELISA.  Allergic patient sera were pre-incubated  
  with the concentrations of rCup s 1 shown above before the sera was  
  applied to native Jun a 1.  Percent inhibition values reflect the averages of  
  three independent trials.  

 
   

isolated from Italian cypress pollen, and subsequently the open reading was placed into a 

TMV vector under the direction of a TMV-U1 coat protein subgenomic promoter.  

Infectious RNA transcripts inoculated onto N. benthamiana plants resulted in infection 

after 10 days.  Plants inoculated with one clone, pBSG1057-C1B, successfully expressed 

Cup s 1, and those plants inoculated with pBSG1057-C1A were unable to express the 

recombinant protein.  RT-PCR results indicate that the insert from pBSG1057-C1A was 

not stable, and therefore, could not code for the protein product.  Plants infected with 

pBSG1057-C1B contained a single RT-PCR product corresponding to the full-length Cup 

s 1, which was able to generate recombinant Cup s 1 protein.  In addition to the 

symptoms of TMV infection, these plants also had a systemic necrotic response caused 

by the expression of Cup s 1.  It has been shown that N. benthamiana plants exhibit a 
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hypersensitivity response when used to express certain proteins (personal 

communication, G. Pogue, Large Scale Biology Corporation).  Interestingly, the same 

response was seen when Jun a 1, which is homologous to Cup s 1, was expressed in this 

system (unpublished, Varshney).  It is apparent that something within the structure of 

these proteins is disruptive to the plant.  Even though neither of these proteins has been 

shown to have pectate lyase activity, a cross-reactive allergen, Cry j 1, has (Taniguchi 

and others 1995).  Perhaps the plant’s hypersensitivity response is not just due to the 

structure, but possibly also caused by the pectolytic function of these proteins.  It should 

be noted that this system has been used to express other recombinant proteins in our lab, 

Jun a 3 and GFP, and such a response was not seen. 

 The results of the Western blot using the rCup s 1 extract showed that the protein 

was able to bind IgG antibodies produced against Jun a 1 in mice.  Dot blots also 

confirmed this and showed that rCup s 1 could bind the antibody in a non-denatured state.  

ELISA experiments with patient sera demonstrated that the recombinant allergen also 

contained the correct IgE epitopes.  When compared with native Jun a 1, rCup s 1 bound 

more of the allergic patient serum pool than Jun a 1.  This difference was most likely due 

to the difference in purity of the two proteins.  The native Jun a 1 is much more pure than 

rCup s 1.  rCup s 1 has several contaminating proteins as it is a more crude plant extract.  

Typically the extraction method used, vacuum infiltration of the plant apoplast, results in 

a relatively pure extract.  However, due to the damage of the plant caused by the necrotic 

response, proteins not typically found in the interstitial fluid of the plant were extracted 

with the rCup s 1.  The non-specific binding by rCup s 1 was probably caused by these 

contaminating proteins.   
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 Not only did the recombinant allergen bind pooled allergic patient sera, but it also 

bound the serum of five separate allergic individuals in a manner similar to native Jun a 

1.  For example, the IgE binding of both native Jun a 1 and rCup s 1 was the lowest for 

allergic individual 1.  Both proteins bound the highest to sera from allergic individual 4.  

rCup s 1 had a higher binding to four of the five allergic sera and also to the non-allergic 

sera than did Jun a 1.  Again, this is probably due to the contaminating proteins found in 

the rCup s 1 extract.  The results of the cross-inhibition ELISA equally showed the 

similarity of rCup s 1 to native Jun a 1, as it was able to inhibit approximately 75% of 

native Jun a 1 binding to allergic sera.  This percent is comparable to other reported 

inhibition values of recombinant allergens expressed in plants.  Recombinant Bet v 1 

expressed in a TMV-based expression system inhibited approximately 70% (10 μg/ml) 

and 80% (40 μg/ml) of native Jun a 1 binding to allergic sera (Krebitz and others 2000).           

 This study has shown another instance in which plant expression systems are able 

to successfully produce an allergen with IgG and IgE epitopes similar to the native 

allergen.  Generally, such systems allow the expression of large quantities of recombinant 

protein; however, in this instance, due to the necrotic response, proteins had to be 

extracted at a much earlier date (10 days post-inoculation) than the normal 21 days post-

inoculation, which decreased the typical yield considerably.  This hypersensitivity 

response does not occur often as it is dependent upon the protein, and even in cases such 

as Cup s 1, the plant is still able to successfully produce the recombinant allergen.    
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APPENDIX A
 

Protocols 
 
 

Total RNA Extraction from Pollen 
 

Reference: Promega Technical Bulletin #087 

Prepare for extraction by cleaning pipettes and benchtop with RNaseZap™ (Ambion) and 
allow phenol:chloroform:IAA to set at room temperature for at least 15 minutes before 
use.  Steps 1-4 are used to homogenize the tissue.  Steps 5-9 are used to extract the RNA.  
Steps 10-11 precipitate and resuspend the RNA.  Steps 12-16 washes the RNA. 
 
1.  Put 600 μl of Denaturing Solution in a microcentrifuge tube.  Place on ice for at least 5  
     minutes. 
 
2.  Place 50 mg of pollen in a mortar that has been kept frozen at -20ºC.  Add liquid  
     nitrogen to freeze the tissue and grind with a pestle to a fine powder.  Use a sheet of  
     weigh paper to cover the mortar as best as possible while grinding.  Otherwise the  
     pollen will “jump” out of the mortar. 
 
3.  Carefully transfer the tissue to the Denaturing Solution. 
 
4.  Vortex for 5 minutes. 
 
5.  Add 60 μl of 2 M sodium acetate pH 4.0.  Mix well by inverting 5 times. 
 
6.  Add 600 μl of phenol:chloroform:IAA (phenol at pH 4.7 mixed 50:50 with a 24:1  
     chloroform:isoamyl alcohol mix).  Mix well by inverting 5 times. 
 
7.  Shake vigorously for 10 seconds.  Place on ice for 15 minutes. 
 
8.  Centrifuge at 10,000 x g for 20 minutes at 4ºC
 
9.  Remove the top aqueous phase and transfer to a fresh microcentrifuge tube.   
     (Be careful not to remove any of the interface as it contains genomic DNA) 
 
10. Add an equal volume of isopropanol (ice-cold) and incubate at -20ºC for 30 minutes. 
 
11. Centrifuge at 10,000 x g for 10 minutes at 4ºC.  Carefully remove the supernatant  
      without disturbing the pellet. 
 
12. Add 1 ml of 75% RNase free ethanol (ice-cold).  Break up pellet with pipette tip. 
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13. Centrifuge at 10,000 x g for 10 minutes at 4ºC.  Carefully remove the supernatant  
      without disturbing the pellet. 
 
14. Vacuum dry pellet for less than 5 minutes. 
 
15. Dissolve in 100 μl of sterile water.   
      (Do not use DEPC treated water.  It inhibits PCR) 
 
16. Aliquot into 20 μl volumes and store at -80ºC. 
 

• Denaturing Solution:  
26 mM sodium citrate (pH 4.0); 0.5% N-lauryl sarcosine; 0.125 M β- 

      Mercaptoethanol (add fresh); 4 M guanidine thiocyanate. 
      Prepare in DEPC-treated water and use sterile stocks.  Store at 4ºC. 

 
• DEPC-treated water:   

           Combine 500 μl of DEPC (diethyl pyrocarbonate) with 500 ml of ddH2O.   
           Stir overnight in a fume hood and then autoclave. 
 
 

Quantification of RNA Using Spectrophotometry 
 
Reference: Pharmacia Biotech GeneQuant pro 
 
1.  Wash the Quartz cuvette (path length 5 mm) with 1 ml of 0.1 M NaOH, 1 ml of 1 mM  
     EDTA, 1 ml of water, and 1 ml of ethanol.  Remove any remaining ethanol and allow  
     to dry. 
 
2.  Turn on the spectrophotometer and wait for the display to say “Instrument Ready.” 
 
3.  Press “set up” to enter the desired parameters:  Select “Base Type—RNA.”  Set path  
     length to 5 mm.  Enter the dilution factor (1 if running an undiluted sample). 
 
4.  Fill the cuvette with 10 μl of the buffer used to dissolve DNA.  Place cuvette in the  
     spec and press “set ref.”  Remove the cuvette when the display reads “Instrument  
     Ready.” 
 
5.  Remove buffer from the cuvette and fill with 10 μl of sample.  Insert cuvette and press  
     “RNA” to read.  Record absorbance values.   
     (Pure RNA has A260/A280 = 2.0.  A good range is 1.7-2.1) 
 
6.  Remove the sample and wash the cuvette with 1 ml of water and 1 ml of ethanol.   
     Remove any remaining ethanol and allow to dry. 
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Formaldehyde-Agarose Gel Electrophoresis 
 

Reference: Qiagen RNeasy MiniHandbook 
 
Formaldehyde-agarose gels are used for RNA gel electrophoresis.  The presence of 
formaldehyde in the gel and running buffer, as well as a sample heating step, prevent the 
RNA from forming secondary structures, thus allowing RNA to run properly on the gel. 
 
1.  Prepare a 1.2% gel by combining 360 mg of agarose, 3 ml of 10X FA gel buffer, and  
     27 ml of DEPC-treated water. 
 
2.  Microwave at 50% power to melt agarose.  Allow solution to cool to about 65ºC. 
 
3.  Add 545 μl of 37% formaldehyde and 3 μl of ethidium bromide (1 mg/ml). 
 
4.  Mix and pour into gel casting tray with the appropriate comb for well formation. 
 
5.  Allow gel to polymerize for 30 minutes. 
 
6.  Place gel in the electrophoresis chamber and add 1X FA running buffer.  Allow gel to  
     equilibrate in buffer for 30 minutes. 
 
7.  Prepare samples in 2X RNA loading buffer and incubate at 80ºC for 5 minutes. 
 
8.  Load onto gel and run at 60 volts. 
 
9.  When gel is finished running, wash in DEPC-water and visualize under UV light. 
 

• 10X FA gel buffer: 
      200 mM MOPS, 50 mM sodium acetate, 10 mM EDTA, pH to 7.0 
      Prepare using sterile stocks. 
 
• 1X FA gel running buffer: 

            100 ml 10X FA gel buffer, 20 ml of 37% formaldehyde, 880 ml DEPC-treated  
            water. 
 

• 2X RNA loading buffer: 
      95% formamide, 0.025% xylene cyanol, 0.025% bromophenol blue,  
      18 mM EDTA, 0.025% SDS.  Prepare in DEPC-treated water. 
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Reverse Transcription 
 
Reference: Promega 
 
1.  In a sterile microcentrifuge tube, combine 2 μg of RNA, 0.5 μg of oligo-dT primer,  
     and sterile water for a total volume of 15 μl.     
 
2.  Incubate at 70ºC for 5 minutes to melt the secondary structure of the RNA template. 
 
3.  Immediately place tube on ice to cool. 
 
4.  Briefly centrifuge to collect the solution at the bottom of the tube.  Place on ice. 
 
5.  Add the following to the tube in the order shown: 
 M-MLV 5X reaction buffer  5.0 μl 
 10 mM dNTPs    2.5 μl 
 rRNasin® Ribonuclease Inhibitor 1.5 μl 
 M-MLV RT (200 units)  1.0 μl 
 
6.  Mix gently by flicking the tube. 
 
7.  Incubate at 42ºC for 1 hour. 
 
 

Primer Resuspension of Lyophilized Stock 
 
Reference:  Integrated DNA Technologies 
 
1.  Briefly centrifuge to ensure primers are at the bottom of the tube. 
 
2.  Add enough sterile ddH2O to make the final primer concentration 100 μM. 
 
3.  Vortex to resuspend primers and then briefly spin down. 
 
4.  Aliquot stock into 50 μl volumes at a final concentration of 5 μM. 
     (2.5 μl of stock + 47.5 μl of sterile water) 
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PCR Mutagenesis 
 
A Robocyler with a Hot Top should be used for this procedure.  This protocol is designed 
for four PCR mutagenesis reactions at 50 μl volumes each, and the primers used should 
generate the appropriate restriction enzyme sites for cloning.  The fifth reaction serves as 
a negative control.  Remember to use filter tips for setting up the PCR reactions.   
 
 
1.  Turn on Robocycler, set program as follows, and preheat: 
  
 1 cycle  94ºC  5 minutes 
 30 cycles 94ºC  1 minute 
   56ºC*  1 minute 
   72ºC  1 minute 
 1 cycle  72ºC  5 minutes 
     * annealing temperature will vary based on primer content 
 
2.  Label five thin-walled 0.2 ml PCR tubes and place on ice. 
 
3.  Prepare the master mix on ice in a 1.5 ml microcentrifuge tube as follows: 
 

 1X 5X 
Sterile water 33 μl 165 μl 
10X Thermopol buffer 5.0 μl 25 μl 
10 mM dNTP 1.0 μl 50 μl 
5’ Primer (5 μM) 4.0 μl 20 μl 
3’ Primer (5 μM) 4.0 μl 20 μl 
Vent Polymerase (2 U/μl) 1.0 μl 5.0 μl 

 
4.  Vortex and briefly centrifuge the master mix.  Aliquot 48 μl of the master mix into  
     each PCR tube. 
 
5.  Add 2 μl of template DNA directly to the master mix in the first four tubes. 
 
6.  Add 2 μl of sterile water directly to the master mix in the last tube.  This serves as a  
     negative control. 
 
7.  Place the five PCR tubes in the Robocycler and begin the PCR program. 
 
8.  Check for PCR products on a 1% agarose gel. 
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PCR Clean-up 
 
Reference:  Mo Bio Laboratories, Inc.  Ultraclean™ PCR Clean-up™ Kit  
 
1.  Combine PCR reactions into one microcentrifuge tube. 
 
2.  Add 5 volumes of SpinBind to the PCR reaction and mix well by pipetting. 
 
3.  Transfer the mixture to a spin filter unit. 
 
4.  Centrifuge for 30 seconds at 10,000 x g. 
 
5.  Remove the spin filter basket and discard the liquid flow-through from the tube by  
     decanting.  Replace the spin filter basket into the same tube. 
 
6.  Add 300 μl SpinClean buffer to the spin filter. 
 
7.  Centrifuge for 30 seconds at 10,000 x g. 
 
8.  Remove the spin filter basket and discard the liquid flow-through by decanting.   
     Replace the basket back into the same tube. 
 
9.  Centrifuge for 60 seconds at 10,000 x g. 
 
10. Transfer the spin filter to a clean collection tube. 
 
11. Add 50 μl of sterile water directly onto the center of the white spin filter membrane. 
 
12. Centrifuge for 60 seconds at 10,000 x g. 
 
13. Remove the spin filter basket from the collection tube.  Purified DNA is now in the  
      collection tube.  Store DNA at -20ºC. 
 
 

Quantification of DNA Using Spectrophotometry 
 
Reference: Pharmacia Biotech GeneQuant pro 
 
1.  Wash the Quartz cuvette (path length 5 mm) with 1 ml of 0.1 M NaOH, 1 ml of 1 mM  
     EDTA, 1 ml of water, and 1 ml of ethanol.  Remove any remaining ethanol and allow  
     to dry. 
 
2.  Turn on the spectrophotometer and wait for the display to say “Instrument Ready.” 
 
3.  Press “set up” to enter the desired parameters:  Select “Base Type—DNA.”  Set path  
     length to 5 mm.  Enter the dilution factor (1 if running an undiluted sample). 
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4.  Fill the cuvette with 10 μl of the buffer used to dissolve DNA.  Place cuvette in the  
     spec and press “set ref.”  Remove the cuvette when the display reads “Instrument  
     Ready.” 
 
5.  Remove buffer from the cuvette and fill with 10 μl of sample.  Insert cuvette and press  
     “DNA” to read.  Record absorbance values.   
     (Pure DNA has A260/A280 = 1.8 ± 0.05) 
 
6.  Remove the sample and wash the cuvette with 1 ml of water and 1 ml of ethanol.   
     Remove any remaining ethanol and allow to dry. 
 
 

Restriction Digest 
 

Digest approximately 1 μg of DNA per reaction in a final volume of 30 μl.  If a double 
digest is to performed, use the buffer that is compatible with both enzymes.  Some 
enzymes require supplementation with BSA.  Check company recommendations.  
 
1.  On ice, combine the following in the order listed: 
  
 Sterile H2O _____ (to 30 μl volume) 
 DNA   _____ (1 μg) 
 Buffer  3.0 μl  
 10X BSA 3.0 μl 
 Enzyme 1 0.5 μl  
 Enzyme 2 0.5 μl 
 
2.  Mix thoroughly and spin down.  Incubate 1-3 hours at 37ºC. 
 
3.  Heat inactivate the restriction enzymes according to company recommendations. 
 
 

DNA Extraction and Purification from an Agarose Gel 
 

It is best to use high quality agarose for this procedure. 
 
1.  Examine the agarose gel under long-wave UV light.  Cut the desired DNA band from  
     the gel using a sterile razor blade.  Weigh gel piece. 
 
2.  Add 3 volumes (3 X the volume of the gel slice; assume volume of gel in μl=weight  
     of gel in mg) of sodium iodide and incubate at 55ºC or until gel piece is completely  
     melted (at least 15 minutes). 
 
3.  Add 10 μl of glass milk.  Make sure glass milk is completely resuspended. 
 
4.  Incubate at room temperature for 30 minutes while rocking. 
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5.  Centrifuge at max speed for 1 minute.  Discard supernatant. 
 
6.  Wash pellet by resuspending in 500 μl of sodium iodide. 
 
7.  Centrifuge at max speed for 1 minute.  Discard supernatant. 
 
8.  Wash pellet by resuspending in 1 ml of Ethanol Glass Wash Buffer. 
 
9.  Centrifuge at max speed for 1 minute.  Discard supernatant. 
 
10. Centrifuge an additional minute and remove any traces of ethanol. 
 
11. Apply vacuum for 5 minutes to dry pellet. 
 
12. Add an appropriate volume of water (20-40 μl) and resuspend pellet. 
 
13. Incubate at 37ºC for 30 minutes to elute the DNA. 
 
14. Centrifuge at max speed for 1 minute.  Put the supernatant containing the purified  
      DNA in a new tube. 
 

• Sodium Iodide: 
      Dissolve 18.6 g of sodium iodide in 15 ml of deionized water.   
      Add 0.3 g of sodium sulfite and mix for 15 minutes.   
      Bring the volume to 20 ml with deionized water.  Filter sterilize.   
      Add 0.1 g of sodium sulfite.  Store at 4ºC. 

 
• Ethanol Glass Wash Buffer: 

            Combine 50 ml of 100% ethanol, 1 ml of 1 M Tris-Cl (pH 7.6), 2 ml of 5 M  
            NaCl, 0.2 ml of 0.5 M EDTA.  Bring the volume to 100 ml with sterile water.  
 Store at -20ºC. 
 

 
Ligation Reaction 

 
Set up 3 ligation reactions: 1:1, 2:1, 3:1 insert to vector molar ratios.  100 ng of vector 
should be used per reaction. 
 
1.  On ice, combine the following for a total volume of 20 μl.  Set up 3 different  
     reactions, varying the amount of insert DNA in each.   
  
 Insert DNA  ______ (1:1, 2:1, or 3:1 molar ratio) 
 Vector DNA   ______ (100 ng)   
 5X ligase buffer 4.0 μl 
 1 mM ATP  2.0 μl 
 sterile water  ______ (to 20 μl) 
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2.  Mix and centrifuge briefly to pool the reagents to the bottom of the tube. 
 
3.  Remove 5 μl of each reaction, put in new tubes, and label L1/To, L2/To, L3/To.   
     Store at -20ºC.  These will serve as negative controls. 
 
4.  Add 1.0 μl of T4 DNA ligase to the ligation reaction tubes. 
 
5.  Incubate the ligation reactions at 16ºC overnight. 
 
6.  Heat inactivate the ligase according to company protocol. 
 
7.  Analyze on a 1% agarose gel by running To controls and ligation reactions. 
 

 
Ethanol Precipitation of Ligation Reactions 

 
1.  Add 0.1 volumes of 3 M sodium acetate to each ligation reaction. 
 
2.  Add 2 volumes of 95% ethanol (ice-cold).  Vortex to mix. 
 
3.  Add 1 μl of Microcarrier™ Gel-TR (Molecular Research Center, Inc).  Vortex to mix. 
 
4.  Incubate at -20ºC for 30 minutes. 
 
5.  Centrifuge at 4ºC for 10 minutes at max speed.  Discard supernatant.    
 
6.  Add 500 μl of 70% ethanol (ice-cold).  Vortex to mix. 
 
7.  Centrifuge at 4ºC for 5 minutes at max speed.  Discard supernatant.    
 
8.  Centrifuge another 30 seconds and remove any remaining ethanol. 
 
9.  Vacuum dry pellet and resuspend in 10 μl sterile water. 
 
 

Transformation (Electroporation) Using the BTX Electro Cell Manipulator 600 
 
Reference: Invitrogen Life Technologies 
 
1.   Place the required number of electroporation cuvettes (1 mm gap) on ice. 
 
2.   Thaw ElectroMAX™ DH5α-E. coli cells on ice.  Mix gently by tapping. 
 
3.   Add 20-30 μl of cells to chilled cuvettes using frozen pipette tips. 
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4.   Add 3-5 μl of an ethanol precipitated ligation reaction to the cells.  Alternatively, the  
      ligation reaction can be diluted 1:5 and 1 μl can be used in the transformation, rather  
      than using ethanol precipitated ligations.   
      (DNA concentration must not exceed 100ng/μl) 
 
5.  (Optional) A separate transformation may be performed to determine the  
      transformation efficiency.  Add 1 μl of the pUC19 control DNA (0.01 μg/ml) to the  
      cells. 
 
6.   Dry off the cuvette and place in the electroporator.  Push “A” to electroporate.   
      (Settings: T=2.5 kV; C=50 μF; R=R5; S=2 kV; E=13-15 kV/cm; t= 5-6 msec) 
 
7.   When light is done flashing, immediately add 1 ml SOC medium to cuvette. 
      (Press the reset button in between each transformation) 
 
8.   Pipette mix from cuvette into a 15 ml conical bottom tube. 
 
9.   Shake at 37ºC, 225 rpm for 1 hour. 
 
10. Plate 10 μl and 100 μl of each transformation onto LB/Lactose/TTC plates prepared  
      with 100 μg/ml of ampicillin. 
 
11. Incubate overnight at 37ºC. 
 

• SOC Medium:  
     Combine the following in 90 ml ddH2O:  2.0 g tryptone, 0.5 g yeast extract, 1 ml  
     of 1 M NaCl, and 0.25 ml of 1 M KCl.  pH to 7.0, bring volume to 100 ml with   
     ddH2O, and autoclave.  Allow solution to cool.  Add 1 ml of 2 M Mg2+ (1 M  
     MgCl2, 1 M MgSO4, filter sterilized) and 1 ml of 2 M glucose (filter sterilized). 

 
 

• LB/lactose/TTC plates: 
Combine 25 g lactose and 150 ml ddH2O in one flask.  Combine 7.5 g agar, 10 g 
LB media, 0.5 ml 1% TTC (2,3,5-triphenyl-2H-tetrazolium chloride) and 350 ml 
ddH2O in another flask.  Autoclave both flasks.  Cool solutions to 55ºC and 
combine the two flasks.  Add ampicillin (filter sterilized) for a final concentration 
of 100 μg/ml and pour plates.  This will prepare about 20 plates of medium 
thickness. 
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Transformation (Chemical) 
 
Reference: Invitrogen Life Technologies 
 
1.  Place the required number of microcentrifuge tubes on ice.  (1 per transformation) 
 
2.  Thaw DH5α™-E. coli chemically competent cells on ice.  Mix gently by tapping. 
 
3.  Add 50-100 μl of cells to the chilled microcentrifuge tubes using frozen pipette tips. 
 
4.  Add 1-5 μl (1-10 ng) of the ligation reaction directly into the cells and mix by gently  
     tapping.  Do not pipette up and down to mix.      
 
5.  (Optional) A separate transformation may be performed to determine the  
     transformation efficiency.  Add 5 μl (500 pg) of the pUC19 control DNA to the  
     cells and mix as described in step 4. 
 
6.  Incubate the tubes on ice for 30 minutes. 
 
7.  Heat-shock for exactly 20 seconds (50 μl reaction) or 45 seconds (100 μl reaction) in a  
     37ºC water bath.  Do not mix or shake. 
 
8.  Place tubes on ice for 2 minutes. 
 
9.  Add 950 μl (for a 50 μl reaction) or 900 μl (for a 100 μl reaction) of LB (pre-warmed  
     to 37ºC) to each tube. 
 
10. Place the tube on a microcentrifuge tube rack laying on its side and secure with tape.   
      Shake at 37ºC, 225 rpm for 1 hour. 
 
11. Plate 10 μl and 100 μl of each transformation onto LB/Lactose/TTC plates prepared  
      with 100 μg/ml of ampicillin.  (See recipe above) 
 
12. Incubate overnight at 37ºC. 
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PCR Screening Directly from E. coli Colonies 
 
A Robocyler with a Hot Top should be used for this protocol.  This protocol is designed 
for 12 PCR reactions at 20 μl volumes: 10 for screening colonies, 1 positive control, and 
1 negative control.  Prior to adding the bacterial colony to the PCR reaction, make sure to 
streak onto a master plate, and incubate this plate overnight at 37ºC.  Then cultures of the 
positive clones can be started from this plate later.  Remember to use filter tips for setting 
up the PCR reactions.   
 
1.  Turn on Robocycler, set program as follows, and preheat: 
 
 1 cycle  95ºC  5 minutes 
 30 cycles 95ºC  1 minute 
   56ºC*  1 minute 
   72ºC  1 minute 
 1 cycle  72ºC  5 minutes 
     * annealing temperature will vary based on primer content 
 
2.  Label twelve thin-walled 0.2 ml PCR tubes and place on ice. 
 
3.  Add 13 μl of sterile water to each PCR tube. 
 
4.  Using a sterile toothpick, pick a colony from the plate, streak onto a master plate, and  
     then swirl into the water of the PCR tube.  Continue this for a total of 10 colonies.   
 
5.  Prepare the master mix on ice in a 1.5 ml microcentrifuge tube as follows: 
 

 1X 12X 
25 mM MgCl2 1.2 μl 14.4 μl 
10X Taq Pol buffer 2.0 μl 24.0 μl 
10 mM dNTP 0.4 μl 4.8 μl 
5’ Primer (5 μM) 1.6 μl 19.2 μl 
3’ Primer (5 μM) 1.6 μl 19.2 μl 
Taq Polymerase (5 U/μl) 0.2 μl 2.4 μl 

 
6.  Vortex and briefly centrifuge the master mix.  Aliquot 7 μl of the master mix into  
     each PCR tube. 
 
7.  Add 1 μl of a positive control DNA template to tube #11.  Do not add any template to  
     tube #12 as this will serve as a negative control. 
 
8.  Place all PCR tubes in the Robocycler and begin the PCR program. 
 
9.  Check for PCR products on a 1% agarose gel. 
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Plasmid Maxiprep 
 

1.  Inoculate a single colony into 5 ml of LB broth supplemented with ampicillin at a  
     final concentration of 200 μg/ml.  Incubate 14-18 hours at 37ºC while shaking at 225  
     rpm. 
 
2.  Transfer 0.5 ml of the overnight culture into 250 ml of LB/amp broth supplemented  
     with ampicillin at a final concentration of 100 μg/ml.  Incubate 14-18 hours at 37ºC  
     while shaking at 225 rpm.  OD600 should be equal to 4. 
 
3.  Spin down cells in Nalgene 250 ml flat-bottom centrifuge bottle at 6000 x g for 10  
     minutes at 4ºC. 
 
4.  Pour off supernatant and resuspend the pellet in 2 ml of GTE buffer by pipetting up  
     and down. 
 
5.  Add 5 ml of 0.2 M NaOH/1% SDS (prepared fresh).  Mix gently by inversion until  
     solution clears and incubate on ice for 20 minutes. 
 
6.  Add 3.75 ml of ice-cold 3 M potassium acetate (pH 4.8).  Mix gently by inversion and  
     incubate on ice for 10 minutes. 
 
7.  Centrifuge at 10,000 x g for 15 minutes at 4ºC.  Split the supernatant into two 50 ml  
     round bottom centrifuge tubes. 
 
8.  Add 2.5 volumes of ice cold 100% ethanol.  Mix by inversion.  Incubate at -20ºC for  
     10 minutes. 
 
9.  Centrifuge at 10,000 x g for 15 minutes at 4ºC.  Remove ethanol by decanting. 
 
10. Add 2 ml of 70% ethanol.  Roll the ethanol around the sides of the tube to ensure that  
      all salts are removed. 
 
11. Centrifuge at 10,000 x g for 1 minute at 4ºC.  Remove all ethanol.   
 
12. Apply vacuum to completely dry the pellet (0.5-1 hour or until pellet is flaky). 
 
13. Resuspend the pellet in 2 ml of TE buffer.  Combine like tube contents into  
     disposable 15 ml conical bottom tubes. 
 
14. Add RNase for a final concentration of 20 μg/ml.  Incubate for 20 minutes at 37ºC. 
 
15. Add an equal volume of phenol:chloroform (1:1).  Vortex for 10 seconds and  
      centrifuge at 6000 x g for 5 minutes at room temperature. 
 
16. Remove top layer and transfer into a 50 ml centrifuge tube 
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17. Add ¼ volume of 10 M ammonium acetate.  Vortex. 
 
18. Add 2 volumes of ice-cold 100% ethanol. Vortex and incubate at -20ºC for 30  
      minutes. 
 
19. Centrifuge at 10,000 x g for 10 minutes at 4ºC.  Remove supernatant. 
 
20. Add 2 ml of 70% ethanol.  Centrifuge briefly and then dry briefly under vacuum. 
 
21. Resuspend pellet in 2 ml of TE buffer. 
 
22. Add 0.8 ml of PEG/NaCl and incubate 1-15 hours at 4ºC. 
 
23. Centrifuge at 10,000 x g for 20 minutes at 4ºC.  Remove supernatant. 
 
24. Resuspend pellet in 1 ml of TE buffer. 
 
25. Add 1/10 volume of 3 M sodium acetate (pH 5.5).  Vortex. 
 
26. Add 2 volumes of ice-cold 100% ethanol.  Vortex.  Incubate at -20ºC for 30 minutes. 
 
27. Centrifuge at 10,000 x g for 10 minutes at 4ºC.  Remove supernatant. 
 
28. Add 2 ml of 70% ethanol.  Centrifuge briefly and remove supernatant.  Dry under  
      vacuum. 
 
29. Resuspend pellet in 100 μl of sterile deionized water. 
 

• LB Broth/ampicillin:  
Combine 10 g tryptone, 5 grams yeast extract, and 10 g NaCl in deionized water 
for a total volume of 1 L.  Autoclave and allow to cool to ~60ºC.  Add ampicillin 
for a final concentration of 200 μg/ml. 

 
• GTE Buffer:  
      50 mM glucose, 25 mM Tris-Cl (pH 8.0), 10 mM EDTA (pH 8.0) 
      Prepare from sterile stocks. 

 
• TE Buffer:  
      10 mM Tris-Cl (pH 8), 1 mM EDTA.  Autoclave. 
 
• PEG/NaCl solution: 

            30% PEG 8000, 1.6 M NaCl.  Store at 4ºC. 
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Alkaline Lysis Plasmid Miniprep 
 
1.  Inoculate a single colony into 2 ml of LB broth supplemented with ampicillin at a  
     final concentration of 200 μg/ml.  Incubate 14-18 hours at 37ºC while shaking at 225  
     rpm. 
 
2.  Pour 1.5 ml of culture into a microcentrifuge tube and centrifuge for 30 seconds at  
     max speed. Pour off the supernatant.  Remove any remaining supernatant.   
 
3.  Resuspend the pellet in 200 μl of GTE Buffer by vortexing.  

 
4.  Add 300 μl of freshly prepared 0.2 N NaOH/1%SDS.  Mix briefly by inversion  
     until the solution clears.  Incubate on ice for 5 minutes.   

 
5.  Add 300 μl of 3.0 M potassium acetate pH 4.8 (4oC) and mix by inverting.   
     Incubate on ice for 5 minutes. 
 
6.  Centrifuge for 10 minutes at room temperature (max speed), and then transfer the  
     supernatant to a clean tube.  
 
7.  Add 2 μl of RNase A (10 mg/ml) and incubate at 37oC for 30 minutes.  

 
8.  Add 400 μl of phenol:chloroform (1:1).  Vortex 30 seconds.  Centrifuge for 1 minute  
     to separate the phases and remove the top phase to a clean tube.  Repeat this entire  
     step. 

 
9.  Add an equal volume of cold 100% isopropanol and immediately centrifuge for 15  
     minutes at room temperature (max speed).  Completely remove the supernatant and  
     discard. 
 
10. Add 500 μl of 70% ethanol to the pellet.  Vortex briefly and centrifuge for 5 minutes.   
      Remove the supernatant and discard.  Centrifuge again for 30 seconds.  Remove any   
      remaining ethanol.  

 
11. Dry the pellet under vacuum for 5 minutes.  

 
12. Dissolve pellet in 30-50 μl of sterile water. 
 

• LB Broth/ampicillin:  
Combine 10 g tryptone, 5 g yeast extract, and 10 g NaCl in deionized water for a 
total volume of 1 L.  Autoclave and allow to cool to ~60ºC.  Add ampicillin for a 
final concentration of 200 μg/ml. 
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• GTE Buffer: 
      50 mM glucose, 25 mM Tris-Cl (pH 8.0), 10 mM EDTA (pH 8.0) 

Prepare from sterile stocks. 
 
 

In Vitro Transcription 
 
Reference: Ambion mMessage mMachine™ 
 
This procedure is used to generate capped infectious RNA using plasmid DNA (TMV) as 
a template. 
 
1.  Clean benchtop and pipettes with RNaseZap™ (Ambion). 
 
2.  Thaw the following reagents: 2X NTP/Cap, 10X reaction buffer, template (plasmid  
     miniprep), 30 mM GTP.  Place the 2X NTP/Cap and GTP on ice, but leave the buffer  
     at room temperature. 
 
3.  Assemble a 20 μl reaction at room temperature in the following order: 
 
 nuclease free water ____ to 20 μl 
 2X NTP/Cap  10.0 μl 
 10X reaction buffer 2.0 μl 
 template  ____ (1 μg) 
 enzyme mix  2.0 μl 
 
4.  Mix thoroughly and spin down. 
 
5.  Incubate at 37ºC for 15 minutes. 
 
6.  Add 1.0 μl of 30 mM GTP. 
 
7.  Incubate at 37ºC for 2 hours. 
 
8.  Save 1 μl of reaction to run on a RNA gel.  Immediately continue with inoculation of  
     Nicotiana benthamiana plants. 
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Inoculation of Nicotiana benthamiana Plants (1st Passage) 
 

Use plants approximately 5 cm in height.  One 20 μl reaction mixed with 20 μl of FES  
Buffer will inoculate 4 plants.  Make sure gloves are worn for inoculating and that gloves 
are changed in between plants if different clones are used. 
 
1.  Add an equal volume of FES buffer to an in vitro transcription reaction and mix  
     gently. 
 
2.  Inoculate 2 leaves per plant by applying 5 μl to each leaf (total of 10 μl per plant). 
 
3.  Using index finger, gently rub the inoculum over the entire leaf.  Continue with  
     the second leaf.  
 

• FES Buffer: 
20% 10X GP Buffer, 1% sodium pyrophosphate, 1% celite (diatomaceous earth), 
1% macaloid.  Prepare in DEPC-treated water.  Store at 4ºC. 

 
• 10X GP Buffer:  
      0.5 M glycine (pH 8.9), 0.3 M K2HPO4.  Prepare in DEPC-treated water.    
      Store at 4ºC. 

 
 

RNA Extraction from Plant Tissue 
 
Reference:  Qiagen RNeasy Plant Mini Kit 
 
1.  Grind 100 mg of plant tissue in liquid nitrogen using a frozen mortar and pestle.   
     Transfer to a microcentrifuge tube. 
 
2.  Add 450 μl of Buffer RLT and vortex vigorously. 
 
3.  Apply lysate to the QIAshredder spin column sitting in a 2 ml collection tube.   
     Centrifuge for 2 minutes at maximum speed.  Transfer flow-through to a new tube  
     being careful not to disturb the pellet. 
 
4.  Add 225 μl of 100% ethanol and mix well by pipetting. 
 
5.  Transfer to an RNeasy mini spin column sitting in a 2 ml collection tube.  Centrifuge  
     for 15 seconds at maximum speed. 
 
6.  Pipette 700 μl of Buffer RW1 onto the column.  Centrifuge for 15 seconds at  
     maximum speed. 
 
7.  Transfer RNeasy column into a new 2 ml collection tube.  Pipette 500 μl of Buffer  
      RPE onto the column.  Centrifuge for 15 seconds at maximum speed. 
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8.  Add 500 μl of Buffer RPE to the column.  Centrifuge for 2 minutes at maximum  
     speed. 
 
9.  Transfer column to a new microcentrifuge tube.  Add 50 μl of sterile water directly to  
     the membrane of the column.  Centrifuge for 1 minute at maximum speed. 

 
 

Second Passage of Virus to Nicotiana benthamiana Plants 
 
Second passage is intended for larger Nicotiana benthamiana plants.  This provides more 
plant tissue to extract the protein from, thus giving higher yields of protein. 
 
1.  Combine 1 g of infected leaf material with 1 ml of GP-Celite and grind using a  
     mortar and pestle. 
 
2.  Inoculate 2 leaves per plant by gently rubbing the extract onto them.  Use enough  
     extract to cover the leaf. 
 

• 10X GP Buffer:  
      0.5 M glycine (pH 8.9), 0.3 M K2HPO4.    
      Store at 4ºC. 
 
• GP-Celite:  
 10% 10X GP Buffer, 1% Celite.    
      Store at 4ºC. 

 
 

Protein Extraction from Plant Tissue (Grinding) 
 
Reference: (Krebitz and others 2003) 
 
1.  Place leaves in a sterile frozen mortar.  Freeze plant tissue in liquid nitrogen. 
 
2.  Add a fourfold excess of Protein Extraction Buffer and grind with pestle.  Place  
     extract in a sterile 45 ml Oakridge tube. 
 
3.  Centrifuge at 40,000 x g for 1 hour at 4ºC.  Remove supernatant and put in a new  
     sterile 50 ml disposable tube.  Store protein at 4ºC. 
 

• Protein Extraction Buffer:   
     10 mM potassium phosphate (pH 8.0), 2% polyvinylpolypyrrolidone, 1 mM  
     phenylmethylsulphonylfluoride (PMSF) 
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Protein Extraction from Plant Tissue (Rubisco Spinout) 
 
Reference: (Kwanyuen and others 2002) 
 
This protocol provides a means of protein extraction with partial purification by 
precipitating and removing a large contaminating plant protein, rubisco. 
 
1.  Place leaves in a sterile frozen mortar.  Freeze plant tissue in liquid nitrogen. 
 
2.  Add a twofold excess of 2% sodium metabisulfite and grind with pestle. 
 
3.  Filter through 3 layers of cheesecloth (using a funnel) into a sterile 45 ml Oakridge  
     tube.  Save 100 μl of this crude extract for analysis via SDS-PAGE. 
 
4.  Adjust the pH to 5.6 using 100 mM sodium hydroxide. 
 
5.  Centrifuge at 30,000 x g for 30 minutes at 4ºC.  Transfer supernatant to a new sterile  
     50 ml conical centrifuge tube.  Store at 4ºC for 48 hours to allow the rubisco to  
     precipitate. 
 
6.  Centrifuge at 3000 x g for 10 minutes at 4ºC.  Transfer the supernatant containing the  
     protein extract to a new tube. 
 

 
Protein Extraction from Plant Tissue (Vacuum Infiltration) 

 
Reference:  (McCormick and others 1999; McCormick and others 2003) 
 
This protocol will extract proteins that are secreted to the interstitial fluid of the plant. 
 
1.  In a 100 ml beaker, combine 2 g of leaf material and 50 ml of Infiltration Buffer.   
     Ensure leaves are completely covered in buffer. 
 
2.  Place the beaker into a vacuum chamber.  Apply vacuum for 2 minutes.  Remove  
     vacuum by allowing air to flow into chamber as a sudden single burst.  Leaves should  
     turn darker in color and sink. 
 
3.  Remove the leaves from the beaker and gently dry them with paper towels.  Place the  
     leaves into a strainer cup that has been positioned into a 250 ml centrifuge tube.   
 
4.  Centrifuge at 2000 x g for 10 minutes at 4ºC.  Secreted protein will be in the bottom of  
     the centrifuge tube.   
 

• Infiltration Buffer:   
100 mM Tris-HCl (pH 7.5), 10 mM MgCl2, 2 mM EDTA 
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Casting Polyacrylamide Gels 
 
Reference:  BioRad Mini-PROTEAN® 3 Cell; Qiagen QIAexpress® Handbook 
 
This protocol is designed for preparing 2 polyacrylamide gels, each of which contains a 
15% separating gel with a 5% stacking gel.  The percent of acrylamide in the gels can be 
adjusted depending on the size of the proteins to be separated.  The gel casting apparatus 
is from BioRad and the company user manual should be used for diagrams on how to set 
up the apparatus. 
 
1.  Wash the glass plates with ethanol and assemble according to company protocol.   
     Place the desired combs in the glass plates and place a mark at 1 cm below the bottom  
     of the wells. 
 
2.  Prepare the 15% separating gel solution in the following order in a disposable 15 ml  
     tube.  Vortex vigorously to mix. 
  
 ddH2O      1.0 ml 
 30% acrylamide/0.8% bis-acrylamide 5.5 ml 
 2.5X Separating Buffer   4.4 ml 
 TEMED     10 μl 
 10% APS     100 μl 
 
 
3.  Using a disposable transfer pipette, pour the separating gel solution in between the  
     glass plates.  Fill to the mark that was placed 1 cm below the comb.  Repeat for the  
     second gel. 
 
4.  Seal the gels by adding ddH2O to the top of the glass plates.  Allow gels to solidify for  
     30 minutes.  Observe remaining separating gel solution in the 15 ml tube to ensure  
     that it solidifies. 
 
5.  Pour off water and dry any remaining water from in between the glass plates with a  
     paper towel. 
 
6.  Prepare the 5% stacking gel solution in the following order in a disposable 15 ml  
     tube.  Vortex vigorously to mix. 
  
 ddH2O      3.0 ml 
 30% acrylamide/0.8% bis-acrylamide 860 μl 
 2.5X Stacking Buffer    1.0 ml 
 TEMED     6.1 μl 
 10% APS     46 μl 
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7.  Using a disposable transfer pipette, pour the stacking gel solution in between the glass  
     plates until the solution reaches the top of the plates.  Carefully place comb in  
     between the glass plates.  Repeat for second gel.  Allow to solidify for 30 minutes.   
     Observe remaining stacking gel solution in the 15 ml tube to ensure that it solidifies. 
 

• 2.5X Separating Buffer: 
1.875 M Tris-Cl (pH 8.9), 0.25% SDS 

 
• 5X Stacking Buffer: 

0.3 M Tris-phosphate (pH 6.7), 0.5% SDS 
 
 

SDS-PAGE   
 
Reference:  BioRad Mini-PROTEAN® 3 Cell; Qiagen QIAexpress® Handbook 
 
1.  Assemble glass plates containing the polyacrylamide gels into the electrophoresis  
     chamber as detailed in the company protocols.  Fill the area in between the glass  
     plates with 1X Running Buffer.  Pour remaining buffer into the area outside the plates  
     (total 1X Running Buffer volume should be 400 ml). 
 
2.  Using gel loading tips, wash out the wells with buffer by pipetting in and out. 
 
3.  Prepare samples in 5X loading buffer so that the final concentration of loading buffer  
     is 1X.  Incubate the samples at 95°C for 4 minutes.   
 
4.  Load immediately onto gel and run at 200 volts for 45-60 minutes. 
 
5.  Remove gels from the glass plates and stain in 0.1% Coomassie Blue Stain for 1-2  
     hours with gentle shaking.  Destain in 10% acetic acid for 1-2 hours with gentle  
     shaking (change out acetic acid as needed during wash). 
 
Note 1: To save time, the gel can be microwaved in 0.1% Coomassie Blue Stain for 20 
seconds.  Destain by microwaving in water for 5 minutes, making sure to change out 
water throughout the 5 minutes.   
Note 2: Do not stain if using for Western blotting. 
 

• 10X Running Buffer: 
250 mM Tris, 2 M glycine 

 
• 5X Loading Buffer: 

0.225 M Tris-Cl (pH 6.8), 50% glycerol, 0.05% bromophenol blue, 5% SDS. 
Add 15% β-mercaptoethanol just before use.  

 
• 0.1% Coomassie Blue Stain: 

0.1% Coomassie Blue, 10% acetic acid, 40% ethanol 
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Western Blot 
 
Reference: Bio-Rad Trans-Blot® SD Semi-Dry Electrophoretic Transfer Cell;  
                  Current Protocols 
 
1.  Cut the PVDF membrane and blotting paper (2 thick pieces) to the size of the  
     polyacrylamide gel. 
 
2.  Gently shake the blotting paper and the polyacrylamide gel separately in Semi-dry  
     Transfer Buffer for 15 minutes. 
 
3.  Place the PVDF membrane in methanol for 10 seconds.  Transfer to water for 5  
     minutes and gently shake.  Transfer to Semi-dry Transfer Buffer for 10 minutes and  
     gently shake. 
 
4.  Assemble the layers as follows onto the transfer apparatus making sure to roll out any  
     bubbles after each layer: blotting paper, membrane, gel, blotting paper. 
 
5.  Put the lid on the transfer apparatus and transfer at 25 volts for 30 minutes. 
 
6.  Wash the membrane in TBST for 5 minutes.  Block the membrane in 5% milk-TBST  
     for 1 hour at room temperature or at 4ºC overnight while shaking.   
 
7.  Briefly rinse the membrane with TBST.  Then wash 2 times with TBST for 10  
     minutes each with gently shaking. 
 
8.  Prepare 5 ml of primary antibody by diluting 1:1000 in 5% milk-TBST (final  
     concentration 1 μg/ml).  Incubate membrane in primary antibody for 1 hour at room  
     temperature with gentle shaking.  Rinse and wash as in step 7. 
 
9.  Prepare 5 ml of secondary antibody (HRP-conjugated) by diluting 1:1000 in 5% milk- 
     TBST.  Incubate membrane in secondary antibody for 1 hour at room temperature  
     with gentle shaking.  Rinse and wash as in step 7. 
 
10. Prepare the HRP color substrate by dissolving 1 gold and 1 silver tablet in 5 ml of  
      water (Sigma Fast™ DAB tablets).  Apply to membrane and evaluate the brown color  
     development.  Alternatively, ECL reagents may be used for detection. 
 

• Semi-dry Transfer Buffer: 
      25 mM Tris, 192 mM glycine, 20% methanol  
 
• TBST Buffer: 
      100 mM Tris-Cl (pH 7.5); 150 mM NaCl; 0.1% Tween 20 
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Dot Blot 
 
Reference: Amersham Biosciences 
 
1.  Cut PVDF membrane to the appropriate size.  Use a pencil to make a grid if desired. 
 
2.  Prewet membrane in methanol for 10 seconds.  Soak in water for 5 minutes and then  
     TBS for 5 minutes with gentle shaking.  Place the membrane onto TBS-soaked  
     blotting paper. 
 
3.  Apply 1.5 μl of sample onto the membrane (do not touch pipette tip to membrane).   
     Place the membrane onto dry blotting paper and allow to air dry. 
 
4.  Rewet the membrane in methanol for 10 seconds and then gently shake in water for 5  
     minutes. 
 
5.  Block the membrane in 5% milk-TBS for 1 hour at room temperature with gentle  
     shaking.  Rinse 2 times with TBST and then gently shake for 5 minutes in TBST. 
 
6.  Prepare 5 ml of primary antibody by diluting 1:1000 in 5% milk-TBST (final  
     concentration 1 μg/ml).  Incubate membrane in primary antibody for 1 hour at room  
     temperature with gentle shaking.  Rinse with TBST and then wash 2 times with TBST  
     for 10 minutes each. 
 
7.  Prepare 5 ml of secondary antibody (HRP-conjugated) by diluting 1:1000 in 5% milk- 
     TBST.  Incubate membrane in secondary antibody for 1 hour at room temperature  
     with gentle shaking.  Rinse with TBST and then gently shake 3 times with TBST for  
     10 minutes each. 
 
8.  Prepare the HRP color substrate by dissolving 1 gold and 1 silver tablet in 5 ml of  
     water (Sigma Fast™ DAB tablets).  Apply to membrane and evaluate the brown color  
     development.  Alternatively, ECL reagents may be used for detection. 
 

• TBS Buffer: 
      100 mM Tris-Cl (pH 7.5), 150 mM NaCl 

 
• TBST Buffer: 
      100 mM Tris-Cl (pH 7.5), 150 mM NaCl, 0.1% Tween 20 

 
 

ELISA 
 
Reference: Current Protocols 
 
1.  Coat plate with 100 µl of recombinant protein (diluted in PBS) per well.   
     Incubate at 4°C overnight. 
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2.  Wash 3X with TBST.  Tap plate on paper towel to remove all buffer. 
 
3.  Block with 200 µl of 5% milk-TBST per well.  Incubate 30 minutes at room  
     temperature. 
 
4.  Wash 3X with TBST.  Tap plate on paper towel to remove all buffer. 
 
5.  Add 100 µl of primary antibody (diluted in TBST) per well.  Incubate at room  
     temperature for 2 hours while gently shaking.  
 
6.  Wash 3X with TBST.  Tap plate on paper towel to remove all buffer. 
 
7.  Add 100 µl of secondary antibody (diluted in TBST) per well.  Incubate at room  
     temperature for 1 hour while gently shaking. 
 
8.  Wash 6X with TBST.  Tap plate on paper towel to remove all buffer. 
 
9.  Add 100 µl of TMB (pre-warmed to room temperature) per well.  Incubate for 1 hour  
     at room temperature. 
 
10. Stop the reaction by adding 100 µl of 2 M HCl per well. 
      Use an ELISA plate reader to read at 450 nm. 
 
 

Competition ELISA 
 
Reference:  (Krebitz and others 2000) 
 
1.  Pre-incubate recombinant protein (0, 20, 60 μg/ml) with pooled sera (1:10) overnight  
     at 4ºC with inversion.  (All dilutions in PBS) 
 
2.  Add 100 µl of native protein (5 μg/ml) to each wells and incubate plates at 4ºC   
     overnight. 
 
3.  Wash 3X with TBST.  Tap plate on paper towel to remove all buffer. 
 
4.  Block with 200 µl of 5% milk-TBST per well.  Incubate 30 minutes at room  
     temperature. 
 
5.  Wash 3X with TBST.  Tap plate on paper towel to remove all buffer. 
 
6.  Add 100 µl per well of the sera pre-incubated with recombinant protein.  Incubate at  
     room temperature for 2 hours while gently shaking. 
 
7.  Wash 3X with TBST.  Tap plate on paper towel to remove all buffer. 
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8.  Add 100 µl of anti-human IgE- HRP (diluted 1:5000 in TBST) per well.  Incubate at  
     room temperature for 1 hour while gently shaking. 
 
9.  Wash 6X with TBST.  Tap plate on paper towel to remove all buffer. 
 
10.  Add 100 µl of TMB (pre-warmed to room temperature) per well.  Incubate for 1 hour  
       at room temperature. 
 
11.  Stop the reaction by adding 100 µl of 2 M HCl per well. 
       Use an ELISA plate reader to read at 450 nm. 
 
 

Protein Purification Using a Ni-NTA Column 
 
Reference: Qiagen QIAexpressionist™ 
 
This procedure is used to purify proteins that contain a Histidine tag which will bind to 
the Ni-NTA beads within the column under native, non-denaturing conditions.  Make 
sure that all buffers as well as the sample are at pH 8.0.  Make sure the Ni-NTA remains 
wet throughout. 
  
1.  Combine 500 μl of Ni-NTA with 5 ml of sample.  Shake for 1 hour at 4°C. 
 
2.  Load onto column and allow the liquid to flow through.  Collect in a 15 ml tube. 
 
3.  Add 10 ml of Wash Buffer and collect in a 15 ml tube. 
 
4.  Add 2 ml of Elution Buffer 1.  Collect in microcentrifuge tubes. 
 
5.  Add 2 ml of Elution Buffer 2.  Collect in microcentrifuge tubes. 
 
6.  Analyze the flow-throughs via SDS-PAGE. 
 

• Wash Buffer: 
      100 mM NaH2PO4, 10 mM Tris, 300 mM NaCl, 10 mM β-mercaptoethanol,  
      1 mM PMSF, 10 mM Imidazole (pH to 8.0 with NaOH) 
 
• Elution Buffer 1: 
     100 mM NaH2PO4, 10 mM Tris, 300 mM NaCl, 10 mM β-mercaptoethanol,  
     1 mM PMSF, 50 mM Imidazole (pH to 8.0 with NaOH) 
 
• Elution Buffer 2: 
      100 mM NaH2PO4, 10 mM Tris, 300 mM NaCl, 10 mM β-mercaptoethanol,  
      1 mM PMSF, 250 mM Imidazole (pH to 8.0 with NaOH) 
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Ammonium Sulfate Precipitation 
 
Proteins will precipitate at different concentrations of ammonium sulfate based on their 
properties.  This can provide an initial means of protein purification. 
 
1.  Combine the following in separate microcentrifuge tubes: 
 

 Protein  PBS Saturated 
Ammonium Sulfate   

10% 50 μl 175 μl 25 μl 
20% 50 μl 150 μl 50 μl 
30% 50 μl 125 μl 75 μl 
40% 50 μl 100 μl 100 μl 
50% 50 μl 75 μl 125 μl 
60% 50 μl 50 μl 150 μl 
70% 50 μl 25 μl 175 μl 
80% 50 μl 0 μl 200 μl 

 
3.  Shake at 4ºC for 2 hours. 
 
4.  Centrifuge at 10,000 x g for 15 minutes at 4ºC. 
 
5.  Remove the supernatants and place in new tubes.  Resuspend the pellets in 250 μl of  
     PBS. 
 
6.  The supernatants and pellets must be dialyzed before analysis.  Cut the top part of a  
     microcentrifuge tube off: cut just below the rim of the tube.  Place the sample into the  
     lid of the tube, then cover with dialysis membrane and close the lid into the rim of the  
     tube.  Float the caps, membranes down, in 500 ml of PBS.  Stir at 4ºC for at least 2  
     hours. 
 
7.  Run the samples via SDS-PAGE to determine where the protein precipitates.   
 

• PBS Buffer:  
     137 mM NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4·H2O, 1.4 mM KH2PO4 

 
• Saturated Ammonium Sulfate: 

 Combine 80 g of ammonium sulfate and 100 ml of water.  Stir and heat the   
            solution to dissolve the last of the solid.  Filter through a 0.2 μm filter while it is  
 still hot.  Allow the solution to equilibrate for a couple of days (crystals should  
 appear). 
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Protein Dialysis 
 
This procedure exchanges the buffer of a protein extract from extraction buffer to PBS 
buffer.  Make sure the dialysis membrane used has an appropriate molecular weight cut-
off (MWCO) so the protein of interest will remain in the tubing. 
 
1.  Rinse the dialysis membrane with water.  Fold 1 end of the membrane and seal with a  
     weighted closure. 
 
2.  Fill the dialysis membrane with the protein extract and seal the other end of the  
     membrane with a non-weighted closure. 
 
3.  Float the membrane in 1 liter of PBS.  Stir overnight at 4ºC. 
 

• PBS Buffer:  
     137 mM NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4·H2O, 1.4 mM KH2PO4 

 
 

Protein Concentration (PEG Method) 
 
1.  Add the desired amount of dilute protein solution to a dialysis bag and seal tightly. 
 
2.  Prepare a bed of PEG 8000 solid flakes in an appropriately sized tray.  Place the  
     dialysis bag containing the dilute protein solution onto the PEG bed and keep at 4ºC. 
 
3.  Allow the solution inside the dialysis bag to diffuse out onto the PEG bed.  This could  
     take anywhere from 30 minutes to several hours depending on the initial volume of  
     the protein solution and the desired final volume.  If the PEG becomes saturated, more  
     can be added.   
 
4.  When the desired volume has been reached, rinse the bag and dialyze the concentrated  
     protein solution into an appropriate buffer such as PBS. 
 
 

Protein Concentration (Microsep Centrifugal Devices) 
 
Reference: Pall Life Sciences Microsep Centrifugal Devices 
 
Make sure the centrifugal device used has an appropriate molecular weight cut-off 
(MWCO) so the protein of interest will not flow-through.   
 
1.  Attach the filtrate receiver to the bottom of the sample reservoir.  Add 0.1 to 3.5 ml of  
     sample to the sample reservoir.  Place cap onto the reservoir. 
 
2.  Centrifuge at 7500 x g in a fixed angle rotor for the required length of time (usually  
     30-90 minutes).  Spin time depends on desired final volume/concentration. 
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3.  Remove the concentrated protein solution from the sample reservoir.  Evaluate the  
     concentrated protein and the flow-through via SDS-PAGE.     
 

 
Protein Quantification (Bradford Assay) 

 
Reference:  Bio-Rad 
 
1.  Prepare standards of bovine gamma globulin: 0.5, 0.25, 0.15, 0.10, 0.05, 0 mg/ml 
 
2.  Prepare Protein Assay Reagent:  Dilute 1 part reagent with 4 parts water and filter to  
     remove particles. 
 
3.  Add 10 µl of each standard to separate wells of a microtiter plate.   
     Add 10 µl of each sample to separate wells of a microtiter plate. 
     (Perform as duplicates) 
 
4.  Add 200 µl of the diluted Protein Assay Reagent to each well and mix by pipetting. 
 
5.  Incubate at room temperature for 20 minutes. 
 
6.  Measure the absorbance at 590 nm with an ELISA plate reader. 
 
7.  Use the absorbance values of the standards to create a standard curve to determine the  
     concentrations of the unknown samples. 

 
 

Preparation of Electrocompetent Pichia pastoris Cells 
 
Reference: Invitrogen EasySelect™ Pichia Expression Kit 
 
1.  Pick a single colony from the desired P. pastoris strain and inoculate 5 ml of YPD  
     media in a sterile 50 ml conical tube.  Incubate for approximately 25 hours at 30ºC at  
     250 rev/minute.   
 
2.  Transfer 100 μl of the culture into 250 ml of fresh YPD media and incubate for  
     approximately 25 hours at 30ºC at 250 rev/minute in a 1 L flask.  Final OD600 should  
     be 1-1.5. 
 
3.  Place 1 liter of cold sterile water and 50 ml of 1 M sorbitol on ice. 
 
4.  Centrifuge 250 ml of the Pichia culture at 1500 x g for 5 minutes at 4ºC.  Remove the 
     supernatant and resuspend the pellet in 250 ml of ice-cold sterile water. 
 
5.  Centrifuge the cells as above and again resuspend the pellet in 250 ml ice-cold sterile  
     water. 
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6.  Centrifuge the cells as above and resuspend the pellet in 20 ml of ice-cold 1 M  
     sorbitol. 
 
7.  Centrifuge the cells as above and resuspend the pellet in 1 ml of ice-cold 1 M sorbitol.   
     Immediately continue with the transformation via electroporation. 
 

• Yeast Extract Peptone Dextrose (YPD) Media: 
      1% yeast extract, 2% peptone, 2% dextrose. 
      Dissolve 10 g yeast extract and 20 g peptone in water for a final volume of 1 liter.   
      Autoclave.  Cool solution to ~60ºC and add 100 ml of 10X dextrose.   
 
• 10X Dextrose (20% Dextrose): 
 Dissolve 200 g of D-glucose in 1 liter of water and filter sterilize. 
 

 
Electroporation of Pichia pastoris Cells 

 
Reference: Invitrogen EasySelect™ Pichia Expression Kit 
Electroporator:  BTX Electro Cell Manipulator 600 
 
1.  Place the appropriate number of electroporation cuvettes (0.2 cm gap width) on ice.   
     Place YPDS/Zeocin plates at room temperature. 
 
2.  Mix 80 μl of cells with 10 μl of linearized DNA (5-10 μg).  Transfer to ice-cold  
     electroporation cuvettes.  Incubate on ice for 5 minutes. 
 
3.  Dry off the cuvette and place in the electroporator.  Push “A” to electroporate.   
      (Settings: T=2.5 kV; C=50 μF; R=R6; S=1.5 kV; E=7.5 kV/cm; t=9 msec) 
 
4.  When light is done flashing, immediately add 1 ml of ice-cold 1 M sorbitol and  
     transfer to a 15 ml tube.  (Press the reset button in between each transformation) 
 
5.  Incubate at 30ºC without shaking for 1-2 hours. 
 
6.  Spread 10, 50, and 100 μl on separate YPDS plates supplemented with 100 μg/ml  
     Zeocin. 
 
7.  Incubate the plates for 3-10 days at 30ºC until colonies form. 
 

• Yeast Extract Peptone Dextrose Sorbitol (YPDS) Plates + Zeocin:  
      1% yeast extract, 2% peptone, 2% dextrose, 1 M sorbitol, 2% agar, 100 μg/ml  
      Zeocin.  Dissolve 10 g yeast extract, 20 g peptone, and 182.2 g sorbitol in water.   
      Add 20 g agar and bring volume to 1 liter with water.  Autoclave.  Cool solution  
      to ~60ºC and add 100 ml of 10X dextrose.  Add 1 ml of 100 mg/ml Zeocin and  
      pour plates.  Store at 4ºC in the dark. 
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• 10X Dextrose (20% Dextrose): 
 Dissolve 200 g of D-glucose in 1 liter of water and filter sterilize. 
 
 

Determining the Mut Phenotype of Pichia Recombinants 
 
Reference: Invitrogen EasySelect™ Pichia Expression Kit 
 
The purpose of this is to screen for Pichia transformants into which the pPICZ vector has 
integrated.  Such recombinants will have the ability to properly utilize methanol and will 
thus have the Mut+ phenotype. 
 
1.  Mark MDH and MMH plates with a numbered grid (alternatively a scoring template  
     can be used).   
 
2.  Using a sterile toothpick, pick one colony (transformant) and streak onto #1 of the  
     MMH plate and then #1 of the MDH plate.  Continue this for a total of 10  
     transformants.   
 
3.  To differentiate between Mut+ and MutS phenotypes, make a streak for controls  
     (GS115/MutS Albumin and GS115/pPICZ/lacZ Mut+) onto #11 and #12 of the MMH  
     and then the MDH plate. 
 
4.  Incubate the plates at 30ºC for 2 days. 
 
 
5.  Score the plates.  Mut+ strains will grow normally on both plates, while MutS strains  
     will grow normally on the MDH plate but will show little or no growth on the MMH  
     plate. 
 

• MMH plates: 
 Combine 800 ml of water and 15 g of agar and autoclave.  Cool to ~60ºC and add  

100 ml of 10X YNB, 2 ml of 500X biotin, 100 ml of 10X methanol, and 10 ml of  
 100X histidine.  Mix and pour the plates.  Store at 4ºC. 
 
• MDH plates: 
 Combine 800 ml of water and 15 g of agar and autoclave.  Cool to ~60ºC and add  
      100 ml of 10X YNB, 2 ml of 500X biotin, 100 ml of 10X dextrose, and 10 ml of    
      100X histidine.  Mix and pour the plates.  Store at 4ºC. 
 
• 10X YNB (13.4% YNB): 

Dissolve 134 g Yeast Nitrogen Base with Ammonium Sulfate without amino  
      acids in 1 liter of water.  Heat the solution to dissolve and filter sterilize.  Store at  
      4ºC. 
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• 500X Biotin (0.02% Biotin): 
Dissolve 20 mg biotin in 100 ml of water.  Heat the solution (no greater than 
50ºC) to dissolve and filter sterilize.  Store at 4ºC.   

 
• 10X Methanol (5% Methanol): 

Mix 5 ml of methanol with 95 ml of water.  Filter sterilize and store at 4ºC. 
 

• 100X Histidine (0.4% Histidine): 
Dissolve 400 mg of L-histidine in 100 ml of water.  Heat the solution (no greater 
than 50ºC) to dissolve and filter sterilize.  Store at 4ºC.   

 
• 10X Dextrose (20% Dextrose): 

Dissolve 200 g of D-glucose in 1000 ml of water.  Filter sterilize and store at 
room temperature. 

 
 

PCR Screening Directly from Pichia pastoris Colonies 
 
Reference: Invitrogen EasySelect™ Pichia Expression Kit 
 
1.  Pick a single P.  pastoris colony and resuspend in 10 μl of sterile water. 
 
2.  Add 5 μl of a 5 U/μl solution of lyticase and incubate at 30ºC for 10 minutes. 
 
3.  Freeze the sample at -80ºC for 10 minutes or immerse in liquid nitrogen for 1 minute. 
 
4.  Set up a 50 μl PCR reaction for a hot start:  (1 reaction per colony) 
 
 10X Reaction Buffer   5 μl  
 25 mM MgCl2    5 μl 
 25 mM dNTPs    1 μl 
 5’ AOX1 primer (5pmol/μl)  2 μl 
 3’ AOX1 primer (5pmol/μl)  2 μl 
 Sterile water    25 μl 
 Cell lysate    5 μl 
 
5.  Mix the solution and place in the thermocycler.  Incubate at 95ºC for 5 minutes. 
 
6.  Add 5 µl of a 0.16 U/μl solution of Taq polymerase (0.8 units). 
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7.  Cycle as follows: 
 
 30 cycles 95ºC  1 minute 
   54ºC  1 minute 
   72ºC  1 minute 
 1 cycle  72ºC  7 minutes 
 
8.  Analyze a 10 μl aliquot by agarose gel electrophoresis. 
 

 
Total DNA Isolation from Pichia pastoris 

 
Reference: Invitrogen EasySelect™ Pichia Expression Kit 
 
1.  Grow (at 30ºC) the strain to an OD600 of 5-10 in 10 ml of minimal media such as  
     MDH.   
 
2.  Collect the cells by centrifuging at 1500 x g for 10 minutes and pour off supernatant.        
     Add 10 ml of sterile water and repeat centrifugation step. 
 
3.  Resuspend the cells in 2 ml of freshly prepared SCED buffer. 
 
4.  Add 30 units of lyticase and incubate at 37ºC for 50 minutes. 
 
5.  Add 2 ml of 1% SDS, mix gently, and set on ice for 5 minutes. 
 
6.  Add 1.5 ml of 5 M potassium acetate (pH 8.9) and mix gently. 
 
7.  Centrifuge at 10,000 x g for 10 minutes at 4ºC.  Transfer the supernatant to a fresh  
     tube. 
 
8.  Add 2 volumes of ethanol and incubate at room temperature for 15 minutes. 
 
9.  Centrifuge at 10,000 x g for 20 minutes at 4ºC.  Remove the supernatant and discard. 
 
10. Gently resuspend the pellet in 0.7 ml of TE buffer (pH 7.4) and transfer to a  
      microcentrifuge tube. 
 
11. Add an equal volume of phenol:chloroform (1:1) and vortex for 30 seconds.        
      Centrifuge for 1 minute at maximum speed.  Transfer the top layer to a fresh tube. 
 
12. Add an equal volume of chloroform:isoamyl alcohol (24:1) and vortex for 30  
      seconds.  Centrifuge for 1 minute at maximum speed.  Split the top layer into two  
      new tubes. 
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13. Add ½ volume of 7.5 M ammonium acetate (pH 7.5) and 2 volumes of ethanol to  
      each tube.  Incubate at -20ºC for 1 hour. 
 
14. Centrifuge at 10,000 x g for 20 minutes at 4ºC.  Remove the supernatant and discard.   
      Add 1 ml of 70% ethanol to the pellets and centrifuge for 10 minutes at 4ºC. 
 
15. Briefly air dry the pellets and resuspend in 50 μl of TE buffer (pH 7.4).  The two  
      samples can be combined or stored separately at -20ºC. 
 

• MDH media: 
 To 800 ml of sterile water, add 100 ml of 10X YNB, 2 ml of 500X biotin, 100 ml  
      of 10X dextrose, and 10 ml of 100X histidine.  Store at 4ºC. 
 
• 10X YNB (13.4% YNB): 

Dissolve 134 g Yeast Nitrogen Base with Ammonium Sulfate without amino  
      acids in 1 liter of water.  Heat the solution to dissolve and filter sterilize.  Store at  
      4ºC. 

   
• 500X Biotin (0.02% Biotin): 

Dissolve 20 mg biotin in 100 ml of water.  Heat the solution (no greater than 
50ºC) to dissolve and filter sterilize.  Store at 4ºC.   

 
• 100X Histidine (0.4% Histidine): 

Dissolve 400 mg of L-histidine in 100 ml of water.  Heat the solution (no greater 
than 50ºC) to dissolve and filter sterilize.  Store at 4ºC.   

 
• 10X Dextrose (20% Dextrose): 

Dissolve 200 g of D-glucose in 1000 ml of water.  Filter sterilize and store at 
room temperature. 
 

• SCED Buffer: 
1 M sorbitol, 10 mM sodium citrate (pH 7.5), 10 mM EDTA, 10 mM DTT 
 

• TE Buffer (pH 7.4): 
10 mM Tris-Cl (pH 7.4), 1 mM EDTA (pH 8.0) 

 
 

Expression of Recombinant Pichia pastoris Strains 
 
Reference: Invitrogen EasySelect™ Pichia Expression Kit 
 
1.  Inoculate a single colony into 50 ml of BMGY media in a 500 ml baffled flask.  Grow  
     at 30ºC, shaking at 280 rev/minute for about 24 hours, or until the OD600 is 2-6. 
 
2.  Pour culture into a sterile 250 ml flat-bottom centrifuge bottle.  Centrifuge at 2000 x g  
     for 5 minutes.  Decant supernatant. 
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3.  Resuspend the cells to an OD600 of 1 in BMMY media to induce expression.  To allow  
     adequate aeration, the final volume should not exceed 150 ml.  Take 200 μl of culture  
     and save in a microcentrifuge tube at -80ºC for the T0 control. 
 
4.  Place the induced culture in a 500 ml baffled flask and cover with 2 layers of sterile  
     cheesecloth.  Grow at 30ºC, shaking at 280 rev/minute. 
 
5.  Take a 200 μl sample every 12 hours.  Spin down the sample for 3 minutes at  
     maximum speed.  Transfer supernatant to fresh tube.  Store the pellet and supernatant  
     at -80ºC. 
 
6.  Every 24 hours, add 100% methanol to a final concentration of 0.5%. 
 
7.  The expression can be terminated after 96 hours.  All samples should be evaluated via  
     SDS-PAGE.  Supernatants must first be dialyzed into PBS buffer before being run on  
     the gel.  The cellular pellets must be lysed before being run on the gel.  See the  
     following procedure for cell lysis. 
 

• BMGY media: 
      Dissolve 10 g yeast extract and 20 g peptone in 700 ml of water.  Autoclave and  
      cool to room temperature.  Add the following and mix well: 100 ml of 1 M  
      potassium phosphate buffer (pH 6.0), 100 ml 10X YNB, 2 ml 500X biotin, 100 ml  
      10X glycerol.  Store at 4ºC. 
 
• BMMY media: 
      Dissolve 10 g yeast extract and 20 g peptone in 700 ml of water.  Autoclave and  
      cool to room temperature.  Add the following and mix well: 100 ml of 1 M  
      potassium phosphate buffer (pH 6.0), 100 ml 10X YNB, 2 ml 500X biotin, 100 ml  
      10X methanol.  Store at 4ºC. 
 
• 1 M potassium phosphate buffer (pH 6.0): 
      Combine 132 ml of 1 M K2HPO4, 868 ml of 1 M KH2PO4.  Confirm that the pH  
      is 6.0 and adjust if necessary with phosphoric acid.  Autoclave. 
 
• 10X YNB (13.4% YNB): 

Dissolve 134 g Yeast Nitrogen Base with Ammonium Sulfate without amino  
      acids in 1 liter of water.  Heat the solution to dissolve and filter sterilize.  Store at  
      4ºC. 

   
• 500X Biotin (0.02% Biotin): 

Dissolve 20 mg biotin in 100 ml of water.  Heat the solution (no greater than 
50ºC) to dissolve and filter sterilize.  Store at 4ºC.   

 
• 10X Glycerol (10% Glycerol): 
      Mix 100 ml of glycerol with 900 ml of water and autoclave. 
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• 10X Methanol (5% Methanol): 
Mix 5 ml of methanol with 95 ml of water.  Filter sterilize and store at 4ºC. 

 
 

Preparation of Pichia pastoris Cell Pellets for SDS-PAGE 
 
Reference: Invitrogen EasySelect™ Pichia Expression Kit 
 
1.  Add 50 μl of Breaking Buffer to the cell pellet and resuspend. 
 
2.  Add an equal volume of acid-washed glass beads (0.5 mm). 
 
3.  Vortex for 30 seconds, then incubate on ice for 30 seconds.  Repeat for a total of 8  
     cycles. 
 
4.  Centrifuge at maximum speed for 10 minutes at 4ºC.  Transfer supernatant to a fresh  
     tube.  The sample is now ready for SDS-PAGE. 
 

• Breaking Buffer: 
        50 mM sodium phosphate (pH 7.4), 1 mM PMSF, 1 mM EDTA, 5% glycerol.   
 Add the PMSF immediately before use. 
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APPENDIX B 
 

Cloning and Expression Outlines 
 
 

Cloning and Expression in Nicotiana benthamiana 
 
Allergen: 
 
▪  RNA extraction from pollen 
      Check concentration and purity with                
      spectrophotometer 
      Check for degradation on RNA gel 
 
▪  Reverse transcription of RNA to make  
   cDNA (use oligo dT primer) 
 
▪  PCR mutagenesis using RT as template 
      Use primers that add Pac I and Xho I sites  
      Check product on gel 
 
▪  Purify PCR reactions  
    (PCR Clean-up kit) 
 
▪  Digest with Pac I and Xho I 
 
▪  Heat inactivate Pac I and Xho I 
   (65°C 20 minutes) 
 
▪  Purify digest  
   (DNA clean-up kit ) 
 
 

 
TMV vector (p1057): 
 
▪  Digest with Pac I and Xho I 
      Run gel to check for complete  
      digestion 
 
▪  Heat inactivate Pac I and Xho I 
    (65°C 20 minutes) 
 
▪  Digest with calf intestinal      
    phosphatase (CIP) 
 
▪  Heat inactivate CIP  
   (80°C 5 minutes) 
 
▪  Purify digest (DNA clean-up kit) 
 
 
 
 
 
 
 

 

 
 
 
 

▪  Ligation of allergen gene and p1057 
       Run gel to confirm ligation 

 
▪  Heat inactivate ligase (65°C 10 minutes) 
 
▪  Ethanol precipitate ligation reactions 
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▪  Transformation (electroporation) and plate 
 

▪  Screen colonies for insert using PCR 
 
▪  Miniprep positive clones 
 
▪  in vitro transcription on minipreps and inoculate plants 
      Can also do in vitro transcription on p1057 as a control 
      Can run an RNA gel to check in vitro transcription 

          Plants should show signs of infection after 10 days 
 
▪  At two weeks, extract RNA and perform RT-PCR 

 
▪  At three weeks, extract protein 
      Run on SDS-PAGE 
      Western blot and ELISA 
      Immunogenicity testing
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Cloning and Expression in Pichia pastoris 
 
Allergen: 
 
▪  RNA extraction from pollen 
      Check concentration and purity with                
      spectrophotometer 
      Check for degradation on RNA gel 
 
▪  Reverse transcription of RNA to make  
   cDNA (use oligo dT primer) 
 
▪  PCR mutagenesis using RT as template 
      Use primers that add Not I and Xho I sites  
      Check product on gel 
 
▪  Clean PCR reactions  
   (PCR Clean-up kit) 
 
▪  Digest with Not I and Xho I 
 
▪  Heat inactivate Not I and Xho I 
   (65°C 20 minutes) 
 
▪  Clean digest (DNA clean-up kit ) 
 
 
 

 
pPICZα: 
 
▪  Digest with Not I and Xho I 
  
▪  Heat inactivate Not I and Xho I 
    (65ºC 20 minutes) 
 
▪  Run gel to check for complete  
   digestion 
    
▪  Clean plasmid from gel to remove  
    the stuffer fragment 
 
 
 
 
 
 
  
 
 
 
 
 
 

 
 

▪  Ligation of allergen gene and pPICZα 
    Run gel to make sure ligation occurred 

 
▪  Heat inactivate ligase (65°C 10 minutes) 
 
▪  Ethanol precipitate ligation reactions 
 
▪  Transform into E. coli     
    Plate on Low Salt LB + 25 μg/ml Zeocin 
 
▪  Screen colonies for insert using PCR 
 
▪  Miniprep positive clones  
   (grow in Low Salt LB + 25 μg/ml Zeocin) 
▪  Linearize plasmid with Sac I 
    Run gel to check for linearization 
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▪  Heat inactivate Sac I  (65°C 20 minutes) 
 
▪  Phenol/Chloroform extraction and ethanol precipitation 
    Resuspend DNA in 10 μl water 
 
▪  Start a 5 ml Pichia pastoris culture from a single colony 
   Shake at 30ºC for about 24 hours 
 
▪  Transfer 100 μl of culture into 250 ml YPD 
    Shake at 30ºC for about 24 hours 
 
▪  Prepare electrocompetent cells 
 
▪  Transform via electroporation  
    Plate on YPDS-Zeocin (100 μg/ml) and incubate 3 days 
 
▪  Determine Mut Phenotype 
 
▪  Screen colonies for insert using PCR 
 
▪  Begin expression 
      Collect samples every 12 hours 
      Add methanol daily  
 
▪  Analyze protein expression 
   SDS-PAGE, Western blot 
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