
The role of the cytoskeleton in protein
body formation in maize endosperm cells

Item Type text; Dissertation-Reproduction (electronic)

Authors Clore, Amy Menning, 1969-

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 16/05/2023 14:25:16

Link to Item http://hdl.handle.net/10150/288776

http://hdl.handle.net/10150/288776


INFORMATION TO USERS 

This manuscript has been reproduced from the microfilm master. UMI 

films the text directly from the original or copy submitted. Thus, some 

thesis and dissertation copies are in typewriter face, while others may be 

from any type of computer printer. 

The quality of this reproduction is dependent upon the quality of the 

copy submitted. Broken or indistinct print, colored or poor quality 

illustrations and photographs, print bleedthrough, substandard margins, 

and improper alignment can adversely affect reproduction. 

In the unlikely event that the author did not send UMI a complete 

manuscript and there are missing pages, these will be noted. Also, if 

unauthorized copyright material had to be removed, a note will indicate 

the deletion. 

Oversize materials (e.g., maps, drawings, charts) are reproduced by 

sectioning the original, beginning at the upper left-hand comer and 

continuing from left to right in equal sections with small overlaps. Each 

original is also photographed in one exposure and is included in reduced 

form at the back of the book. 

Photographs included in the original manuscript have been reproduced 

xerographically in this copy. Higher quality 6" x 9" black and white 

photographic prints are available for any photographs or illustrations 

appearing in this copy for an additional charge. Contact UMI directly to 

order. 

UMI 
A Bell & Howell Information Company 

300 North Zed) Road, Ann Aibor MI 48I06-I346 USA 
313/761-4700 800/521-0600 



I 



THE ROLE OF THE CYTOSKELETON IN PROTEIN BODY FORMATION IN 

MAIZE ENDOSPERM CELLS 

by 

Amy Menning Clore 

A Dissertation Submitted to the Faculty of the 

DEPARTMENT OF PLANT SCIENCES 

In Partial Fulfillment of the Requirements 
For the Degree of 

DOCTOR OF PHILOSOPHY 

In the Graduate College 

THE LJNIVERSITY OF ARIZONA 

1 9 9 7  



UMI Ntimber: 9817350 

UMI Microform 9817350 
Copyright 1998, by UMI Company. All rights reserved. 

This microform edition is protected against unauthorized 
copying under Title 17, United States Code. 

UMI 
300 North Zeeb Road 
Ann Arbor, MI 48103 



THE UNIVERSITY OF ARIZONA ® 

GRADUATE COLLEGE 

As members of the Final Examination Committee, we certify that we have 

read the dissertation prepared by Amy Manning Clore 

entitled THE ROLE OF THE CYTOSKELETON IN PROTEIN BODY FORMATION 

IN MAIZE ENDOSPERM CELLS 

and recommend that it be accepted as fulfilling the dissertation 

requirement for the Degree of Doctor of Philosophy 

A • ////3 / ? 7 
Brian A. Larkins Date 

Karea-S. Sc)ai^ta^er / Dace ^ 

I I I , ,  i 5 7  
Hafis J. ̂ ohne^t Date 

~\ ^ 
 ̂ J Au. // , .' 3 /^7-

Lyni/ J . Man^au' Date 

Final approval and acceptance of this dissertation is contingent upon 

the candidate's submission of the final copy of the dissertation to the 
Graduate College. 

I hereby certify that I have read this dissertation prepared under my 

direction and recommend that it be accepted as fulfilling the dissertation 
requirement. 

7 
Dissertation Director Brian A. Larkins Date 



STATEMENT BY AUTHOR 

This dissertation has been submitted in partial fulfillment of requirements for an 
advanced degree at The University of Arizona and is deposited in the University Library 
to be made available to borrowers imder rules of the library. 

Brief quotations from this dissertation are allowable without special permission, 
provided that accurate acknowledgment of source is made. Requests for permission for 
extended quotation from or reproduction of this manuscript in whole or in part may be 
granted by the head of the major department of the Dean of the Graduate College when in 
his or her judgement the proposed use of the material is in the interests of scholarship. In 
all other instances, however, permission must be obtained from the author. 



4 

ACKNOWLEDGMENTS 

I would like to thank my advisor. Dr. Brian Larkins, for his abundant support, 
encouragement and guidance. 1 have learned a great deal under his tutelage. I would also 
like to thank my committee members, Drs. Hans Bohnert, Martha Hawes, Lynn Manseau. 
and Karen Schumaker for their support and suggestions, and for taking the time to 
periodically assess my progress and research plans thoughout the course of this project. 
In addition. I would like to thank both current and former members of the laboratory for 
their technical assistance, suggestions, and constructive criticisms. In particular, 1 would 
like to thank Dr. Joanne Dannenhofifer and Dr. Yuejin Sun for collaborating with me on 
inununocytochemistry and actin bundling experiments, respectively. 

I would further like to thank Dr. Carolyn Zeiher for the phosphoenolpyruvate 
carboxylase antibody and Dr.Toshiyuki Nagata for the monoclonal EF-la antibody. I 
also thank Dr. Judith Verbeke for the use of her Zeiss Axiophot microscope for 
preliminary viewing of samples. Dr. Leslie Tolbert and the Arizona Research 
Laboratories Division of Neurobiology for the use of their Bio-Rad MRC laser scanning 
confocal microscope, and Ms. Patty Jansma for sharing her technical expertise and for 
helping me to obtain some of the images presented in this dissertation. I acknowledge the 
use of the Leica confocal laser scaiming microscope at the University of Arizona 
Biotechnology Division Imaging Facility and appreciate the help of the staff. Additional 
confocal microscopy was done in the Imaging Facility of the University of Arizona 
College of Agriculture. Purchase of the confocal microscope was made possible by a 
grant from the University Research Instrumentation Program of the U.S. Department of 
Energy. I also acknowledge use of the Imaging Facility Division of the Arizona 
Research Laboratories at the University of Arizona and thank Mr. David Bentley and Ms. 
Leah Kenaga for their assistance. Finally, I would like to thank Dr. Constance Temm and 
Dr. Darrel Goll at the University of Arizona, and Dr. Chris Staiger at Purdue University 
for the use of microinjection equipment and for technical advice. 

My most sincere appreciation goes to my husband, Michael for providing help 
with computer-related tasks as well as for his unending encouragement, patience and 
emotional support. Lastly, a special thank you is extended to my new baby daughter, 
Laney, for giving up precious time with her mother during the first weeks of her life so 
that I might complete this goal. 



Dedicated to 

Michael Allen and Laney Elizabeth 



6 

TABLE OF CONTENTS 

LIST OF nOURES 9 

LIST OF TABLES 11 

ABSTRACT 12 

L INTRODUCTION, OBJECTIVES AND APPROACHES TO STUDYING 

THE ROLE OF THE CYTOSKELETON IN PROTEIN BODY FORMATION 

IN MAIZE ENDOSPERM 14 

INTRODUCTION 14 

OBJECTIVES AND APPROACHES 18 

2. EF-la IS ASSOCIATED WITH A CYTOSKELETAL NETWORK 

SURROUNDING PROTEIN BODIES IN MAIZE ENDOSPERM CELLS 20 

INTRODUCTION 20 

METHODS 23 

RESULTS 27 

The Cytoskeleton of Maize Endosperm Cells Prior to Storage Product 

Deposition 27 

The Cytoskeleton During Storage Product Deposition 30 

Actin Bundling Assay Using Maize Endosperm EF-la 45 

DISCUSSION 48 



TABLE OF CONTENTS - Continued 

3. INVESTIGATION OF THE POTENTIAL ROLES OF mRNA 

LOCALIZATION AND OF THE CYTOSKELETON IN PROTEIN BODY 

FORMATION 57 

INTRODUCTION 57 

METHODS 64 

In situ Hybridization of Zein mRNAs in Endosperm Cells 

Visualized using Electron Microscopy 64 

Tissue Preparation 64 

Probe Synthesis 64 

Pretreatment and Hybridization of Endosperm Tissue Sections 66 

Probe Detection and Analysis 67 

Detection of Zein mRNAs and Cytoskeletal Components by Fluorescent In 

situ Hybridization with Immunocytochemistry and Cytoskeletal Disruption... 68 

Tissue Preparation 68 

Hybridization 68 

Probe Detection and Immunofluorescence 69 

Cytoskeletal Disruption 70 

Analysis 70 



s 

TABLE OF CONTENTS - Continued 

Microinjection of Fluorescent mRNAs and Rhodamine Phalloidin into 

Endosperm Cells 70 

Preparation of Tissue 70 

Synthesis and Fluorescent Labeling of mRNAs 71 

Microinjection 72 

Detection of Labeled mRNAs 72 

RESLTLTS 73 

High Resolution In siiu Hybridization of Zein mRNAs 73 

Detection of Zein mRNAs and Cytoskeletal Components using Fluorescent 

In situ Hybridization, Immunocytochemistry. and Cytoskeleton Disruption.... 76 

Microinjection of Rhodamine Phalloidin and Fluorescent mRNAs 85 

DISCUSSION 93 

4. SUMMARY. CONCLUSIONS. AND FUTURE DIRECTIONS 99 

REFERENCES 108 



9 

LIST OF HGURES 

Figure 2.1. Bright-field microscopy of maize endosperm cells at two different 

stages of development 28 

Figure 2.2. Distribution of microtubules, actin, and EF-la within interphase 

maize endosperm cells at early stage HI prior to storage product deposition. 31 

Figure 2.3. Mid-stage III to early stage IV maize endosperm cells 

immunologically labeled for a-tubulin 34 

Figure 2.4. Mid-stage III to early stage IV wild-type and shr2-r endosperm cells 

immunologically labeled for a-tubulin and y-zein 36 

Figure 2.5. Late stage HI endosperm cell immunologically labeled for actin and 

y-zein 39 

Figure 2.6. Association of EF-la with the actin surrounding protein bodies in 

mid stage CI to early stage IV maize endosperm cells 42 

Figure 2.7. Maize EF-la bundles actin from yeast 46 

Figure 2.8. Model depicting one possible role of the cytoskeletal network 

associated with developing protein bodies in maize endosperm 54 

Figure 3.1. Electron micrographs of endosperm sections treated with y-zein and 

a-zein antisense probes, as compared with control samples treated with y-zein and 

a-zein sense probes 74 



10 

LIST OF FIGURES - Continued 

Figure 3.2. The number of colloidal gold particles per ^m of total (protein body 

plus cisternal) ER on endosperm sections treated with y-zein antisense and sense 

and a-zein antisense and sense probes 78 

Figure 3.3. The number of colloidal gold particles per lom of protein body versus 

cisternal ER on endosperm sections treated with y-zein and a-zein antisense 

probes 80 

Figure 3.4. Results of fluorescent in situ hybridization experiments employing 

a-zein antisense or sense probes, calnexin antisense probe, or a-zein antisense 

probe following pretreatment of the endosperm with cytochalasin D or oryzalin 83 

Figure 3.5. Co localization of actin and y-zein mRNA as shown by 

immunocytochemistry and in situ hybridization 86 

Figure 3.6. Microinjection of rhodamine phalloidin into a living maize 

endosperm cell 88 

Figure 3.7. Microinjection of fluorescently-labeled y-zein mRNA 91 



LIST OF TABLES 

Table 3.1. Number of gold particles per pim^ total (cellular) surface area, per ^m 

of endoplasmic reticulum, per |im protein body ER, and per ^m cisternal ER 



I 

ABSTRACT 

The proper distribution of proteins is important for the development and function 

of both individual cells and whole organisms. Relatively little is known about the 

mechanisms of protein localization in plant cells. Protein body formation in maize 

endosperm provides a useful system in which to study these mechanisms. Maize 

endosperm is a specialized tissue that accumulates starch and storage proteins and 

ultimately provides nutrients for the germinating seedling. The storage proteins, called 

zeins, are cotranslationally inserted into the rough endoplasmic reticulum (RER) where 

they aggregate into spherical protein bodies. Previous studies have suggested that the 

cytoskeleton may play a role in protein body formation, since actin, the protein synthesis 

factor EF-la (which associates with the cytoskeleton in other systems), and polysomes, 

including zein polysomes, were found associated with protein bodies following 

endosperm homogenization. 

To determine whether the cytoskeleton, EF-la, and protein bodies are associated 

in situ, these components were visualized in intact endosperm cells. By using indirect 

immunofluorescence and confocal microscopy, changes were documented in the 

distributions of EF-la, actin, and microtubules during development. The protein bodies 

are found ermieshed in EF-la and actin and are juxtaposed with a multidirectional array 

of microtubules. In addition, actin and EF-la appear to exist in a complex. Finally, 

actin bundling assays demonstrated that maize EF-la is capable of bundling actin in 

vitro. Therefore, EF-la may organize actin around protein bodies. 
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One possible role of the cytoskeletal network around protein bodies is the 

transport and or anchoring of zein mRNAs to sites of protein body formatioa To test this 

hypothesis, in situ hybridization experiments were conducted in the presence and absence 

of cytoskeleton disrupting agents. The results suggest that while the zein mRNAs may 

associate with the RER at random sites, a cytoskeleton-dependent transport mechanism 

may be utilized to trafiRck them to the RER surface. 

To more convincingly demonstrate a role of the cytoskeleton in zein mRNA 

localization, microinjection and visualization of zein mRNAs in the presence and absence 

of intact cytoskeletal elements is required. Methods for micro injecting maize endosperm 

cells with such mRNAs were devised and preliminary results are described. 
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CHAPTER 1 

INTRODUCTION, OBJECTIVES AND APPROACHES TO STUDYING THE ROLE 

OF THE CYTOSKELETON IN PROTEIN BODY FORMATION IN MAIZE 

ENDOSPERM 

INTRODUCTION 

Learning how proteins come to reside in their proper subcellular locations is vital 

to our understanding of how organisms develop and function. Protein localization is of 

fundamental importance in both somatic cells, where it can be essential for proper 

differentiation and function, as well as in oocytes and embryos, in which mislocalization 

of morphogens can lead to developmental abnormalities or even death. Most of the 

investigations of protein localization to date have been conducted in animal systems in 

which it has been found to be accomplished in many ways. For example, the proteins 

themselves can be moved through the cell, as is the case for membrane-associated 

proteins which are transported in vesicles to particular compartments (Pelham and 

Munro, 1993). Alternatively, the messenger RNA (mRNA) which encodes the protein 

can be selectively degraded in certain locations, leading to asymmetric protein synthesis 

(Ding et al., 1993). Another means of protein localization that has gained much attention 

in the past decade is through trafficking (i.e. transport and or anchoring) of mRNAs to 

sites of translation (reviewed by St Johnston, 1995). A common mechanism of this 

mRNA trafficking involves the transport and or anchoring of mRNAs by the cytoskeleton 

(reviewed by Hesketh, 1996 and reviewed in Chapter 3 of this dissertation), a three-



dimensional network of filamentous proteins consisting in part of microtubules and actin 

filaments. 

Very little is known about mechanisms of protein localization in higher plant 

cells, nor about flmctions of the cytoskeleton, beyond those in cell division and cell wall 

deposition. Most studies regarding protein localization have revolved around either the 

transport of proteins in vesicles as part of the secretory pathway, or nuclear import and 

export (Bednarek and Raikhel, 1992; Hicks and Raikhel, 1995). With respect to the 

cytoskeleton, the vast majority of studies have focused on its roles in cell division as part 

of the phragmoplast and spindle, in cell wall deposition via its apparent guidance of 

cellulose synthase complexes, or, to a lesser extent, in cytoplasmic streaming (Goddard et 

al., 1994; McCurdy and Williamson, 1989; Seagull, 1989). Maize endosperm provides a 

useful system in which to study novel cytoskeletal ftmctions and protein localization 

mechanisms. First, the cells of this tissue contain abundant storage proteins whose 

proper distribution appears to be important for establishing the overall structure of the 

tissue. Second, these cells are amenable to experimental techniques that allow the 

investigation of cytoskeletal structure and intracellular transport. 

The maize endosperm is derived from a double fertilization event within the 

embryo sac following pollination. One of the two sperm nuclei from the pollen tube 

fuses with the egg to give rise to the embryo, while the other fiises Vvith the two polar 

nuclei to produce the triploid endosperm Following fertilization, the endosperm 

undergoes dramatic changes in anatomy and content of protein and starch during its four 

stages of development (Bosnes et al., 1992; Olsen et al., 1992; described in detail in 
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Chapter 2). Essentially, a syncitium forms which becomes cellularized. Following 

cellularization. the mononucleate cells undergo a period of mitotic divisions as well as 

storage product deposition. The latter results in a cytoplasm which is packed with 

abundant starch grains deposited within plastids as well as protein bodies formed within 

the rough endoplasmic reticulum (RER). This storage product deposition continues until 

the cells of the endosperm die and the kernel desiccates. The way in which the storage 

proteins are deposited has an impact on the final structure of the endosperm. In storage 

protein mutants, such as floury! and opaque2, the cells of the endosperm have protein 

bodies which are abnormal in size, protein content, morphology and or distribution 

(Geetha et al., 1991; Lending and Larkins, 1992). These characteristics result in an 

endosperm which is soft in texture and is susceptible to hole boring insects. It is thought 

that upon desiccation, the relative distribution of protein and starch determines the texture 

of the endosperm, and that a softer starchy endosperm results from the formation of air 

spaces around the starch grains (Duvick, 1961). 

Protein bodies consist of a group of alcohol-soluble proteins called zeins, of 

which there are four basic types designated a, p, y, and 5 (Esen, 1986). These proteins 

are synthesized by polysomes bound to the RER and are transported into the lumen of 

this organelle where they aggregate in an organized, developmentally regulated feshion 

(Khoo and Wolf, 1970; Lending and Larkins, 1989, reviewed in Chapter 2). Chaperone 

proteins (Boston et al., 1991; Zhang and Boston, 1992; Li and Larkins, 1996), as well as 

specific interactions between the different classes of zeins (Coleman et al., 1996; Wallace 

et al., 1988), are important for protein body assembly; however, the exact mechanisms by 
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which the protein bodies assemble and what determines their spacing within the RER are 

not known. 

Various reports have suggested a possible role for the cytoskeleton in storage 

protein mRNA localization and/or translation in this tissue. Abe et al. (1991) and 

Stankovic et al. (1993) discovered ascociations between filamentous actin, polysomes and 

protein bodies following homogenization of developing endosperm in a cytoskeletal 

stabilizing buffer. In addition, the protein synthesis factor elongation factor-la (EF-

la), which bundles actin (Edmonds, 1993) and bundles (Durso and Cyr. 1994) and severs 

(Shiina et al., 1994) microtubules, was found with actin in the protein body fraction 

following sucrose gradient density centrifugation (J.E. Habben, personal 

communication). Although these studies did not demonstrate in situ associations of these 

proteins, they provide preliminary evidence that the cytoskeleton may be involved in 

attaching zein polysomes to the ER surrounding protein bodies. 

Other studies implied that the endosperm cytoskeleton might contribute to the 

nutritional quality of the grain. Habben et al. (1995) found a strong correlation (r^=0.9) 

between the content of lysine in the endosperm and the concentration of EF-la. EF-la 

itself only accounts for 1-3% of the total lysine (Sun et al., 1997). Therefore, a 

relationship might exist between EF-la and other lysine-rich proteins, perhaps of 

cytoskeletal origin, which are increased in high lysine genotypes. In other words, 

perhaps genotypes with increased levels of EF-la also have more cytoskeleton-related 

proteins with which EF-la is complexed. However, there was no evidence of in situ 

associations between protein bodies and cytoskeletal elements, nor between EF-la and 
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the cytoskeleton in maize endosperm. There was also little evidence that the cytoskeleton 

played a role in protein body formation in vivo. 

OBJECTIVES AND APPROACHES 

The objectives of this dissertation project were three-fold. First, I sought to 

visualize the cytoskeleton and EF-la in intact maize endosperm cells and to determine 

their spatial relationships to protein bodies. In Chapter 2, a study is described in which 

these components were identified in intact maize endosperm cells using indirect 

immunofluorescence. Primary antibodies (which bound to antigens of interest) were 

introduced into the cells and these proteins were subsequently labeled by secondary 

antibodies conjugated to a fluorophore. The fluorescent antigens were detected and their 

intracellular location determined using confocal microscopy. Using these techniques, an 

elaborate cytoskeletal network was found to be associated with the protein bodies. I 

hypothesized that this structure plays a role in localizing zein mRNAs to sites on the RER 

where protein bodies are forming. One of the questions which followed from this 

hypothesis was whether zein mRNAs are localized to regions of the RER membrane 

where protein bodies are forming. Answering this question became a second major 

objective, which I chose to address by using high resolution in situ hybridization. The 

latter technique permitted the determination of the subcellular distributions of zein 

mRNAs in fixed cells. The results, which I report in Chapter 3, suggest that zein mRNAs 
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are found on both the RER surrounding protein bodies as well as the cisternal RER which 

interconnects the protein bodies. 

A second question which arose from the above hypothesis was whether zein 

mRNAs are trafficked to the RER membrane by the cytoskeleton. Obtaining the ansv/er 

to this question was my third research objective. One approach I used involved 

fluorescent in situ hybridization in conjimction with immimofluorescence and 

cytoskeleton disruption to determined if endogenous zein message is co localized with the 

cytoskeleton and if an intact cytoskeleton is required for proper zein message 

distribution. I also employed microinjection, with which I was able to introduce 

fluorescently-labeled zein mRNAs into living endosperm cells and monitor mRNA 

movement. Though I was not able to definitively prove that the cytoskeleton traffics and 

or anchors zein mRNAs to the ER membrane, the findings I report in Chapter 3 are 

consistent with this hypothesis. In the final chapter of this dissertation. I summarize all 

of these findings, discuss possible conclusions, and propose futvire experimental 

directions. 
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CHAPTER 2 

EF-la IS ASSOCIATED WITH A CYTOSKELETAL NETWORK 

SURROUNDING PROTEIN BODIES IN MAIZE ENDOSPERM CELLS 

INTRODUCTION 

The maize endosperm, like endosperm of other cereals, undergoes dramatic 

changes in anatomy and content of protein and starch during its four stages of 

development (Bosnes et al., 1992; Olsen et aL, 1992). Within hours after fertilization and 

until the third day after pollination (DAP), rapid nuclear divisions in the absence of 

cytokinesis give rise to a syncitium (stage I) (Knowles and Phillips, 1988). During stage 

II (3 to 5 DAP), cell walls form around the uidividual nuclei. The resulting 

mononucleate cells undergo a period of mitotic divisions (stage III), which ends in the 

central cells at about 12 DAP but occurs in the peripheral layers until 20 to 25 DAP. 

Starch grains and protein bodies begin to accumulate at stage HI, starting in the center-

most cells at about 10 DAP. Finally, in stage IV, accumulation of storage products 

continues until the cells of the endosperm die and the kernel desiccates. 

The cells formed in stage EI undergo extensive anatomical changes during 

subsequent stages. In early stage III, prior to storage product deposition, they have a 

prominent nucleus and small vacuoles. During storage product deposition (mid stage III 

to stage IV), the cells become quite large (approximately 50 to 100 jxm or more in 

diameter) and are essentially devoid of vacuoles (Lending and Larkins. 1989). Their 



cytoplasm is packed with abundant starch grains deposited within plastids as well as in 

protein bodies formed within the rough endoplasmic reticulum (RER). 

The protein bodies consist of a group of alcohol-soluble proteins called zeins, 

which are synthesized by polysomes bound to the RER and transported into the lumen of 

this organelle where they aggregate in an organized, developmentally regulated feshion 

(Khoo and Wolf. 1970; Lending and Larkins, 1989). There are four basic types of zeins. 

designated a, p, y, and 6 (Esen, 1986), that are nonuniformly distributed in the protein 

body. The cysteine-rich P- and y-zeins tend to be found on the surfece, whereas the a-

and 6-zeins generally occur in the central regions (Lending et al., 1988; Esen and Stetler. 

1992). Initially, developing protein bodies consist of only P-and y-zeins. They enlarge 

when a- and 5-zeins penetrate the highly cross-linked network of P- and y-zeins by an 

unknown mechanism. Chaperone proteins (Boston et al., 1991; Zliang and Boston, 1992; 

Li and Larkins, 1996), as well as specific interactions between the different classes of 

zeins (Coleman et al.. 1996; Wallace et al., 1988), are important for protein body 

assembly; however, the exact mechanism by "'hich the protein bodies form and the 

regulation of their spacing within the RER are not known. 

Studies of the cytoskeleton from maize endosperm cells that are actively 

accumulating starch and storage protein suggest that this group of filamentous proteins 

has significance beyond a role in cell division and cell wall deposition. Abe et al. (1991) 

and Stankovic et al. (1993) reported an association of protein bodies, filamentous actin. 

and fX)lysomes following homogenization of maize endosperm in a cytoskeleton-

stabilizing buffer. Actin is also present in the protein body fraction following sucrose 



gradient separation of endosperm homogenates (Habben et al., 1993). In addition, the 

protein synthesis factor, elongation fector-Ia (EF-la), which has been shown to bundle 

actin (Edmonds, 1993) and bundle (Durso and Cyr, 1994) and sever microtubules (Shiina 

et al.,1994), was found in abundance in the protein body fraction (J.E. Habben, personal 

communication). 

The significance of the above-mentioned findings could be two fold. First, the 

cytoskeleton may associate with protein bodies in vivo and perhaps functions in their 

biogenesis. Second, an association of the cytoskeleton and protein bodies may help to 

explain the basis for the high correlation (r^=0.9) that was found between the content of 

lysine (an essential amino acid for monogastric animals that is limiting in cereals) in the 

endosperm and the concentration of EF-la (Habben et al., 1995). Because EF-la itself 

only accounts for 1 to 3% of the total lysine in the endosperm (Sun et ai., 1997), the feet 

that its concentration predicts 90% of the total must reflect a relationship between EF-la 

and other lysine-rich proteins. Given that EF-la is present along with actin in the protein 

body fraction and the reports of EF-la being associated with actin and microtubules in 

other tissues (Condeelis, 1995), it is possible that the unidentified lysine-rich proteins 

reside in association with the cytoskeleton of maize endosperm cells. 

By using indirect immunofluorescence and confocal microscopy, actin, tubulin, EF-

la, and protein bodies were visualized in intact endosperm cells to determine their spatial 

relationships in situ. These components were analyzed in interphase cells at two 

developmental times (early stage HI and mid-stage III to early stage FV) and dramatic 

changes in cytoskeletal structure were observed with the onset of storage product 



deposition. Protein bodies are juxtaposed with a reticulate array of microtubules and are 

surrounded by EF-la and actin. The latter components appear to exist in a complex. 

because treatment of the endosperm with cytochalasin D resulted in a redistribution of EF-

la within the cells. Further, EF-la from maize was shown to bundle actin in vitro. The 

potential significance of these findings with respect to both protein body formation and 

lysine content of the endosperm is discussed. 

METHODS 

Maize (Zea mays) plants were grown at the University of Arizona Agricultural 

Center (Tucson, Arizona) or at Pioneer Hi-Bred Company (Johnston, Iowa). Numerous 

genotypes and inbreds were analyzed, including W64A+, Tuxpeno modified opaque2 

(o2), o2::SpmB, and Florida Stay Sweet (sh2-r), with the basic spatial relationships 

between cytoskeletal elements and elongation factor-la (EF-la) to protein bodies being 

the same in all. For analysis of the cytoskeleton prior to storage product deposition, we 

studied kernels 8 to 10 days after pollination (DAP). To study the cytoskeleton during 

starch and protein body formation, kernels 16 to 28 DAP were analyzed. 

Indirect immunofluorescence and laser scanning confocal microscopy were used 

to visualize the cytoskeleton in unembedded sections of maize endosperm tissue. 

Sections (30-50 um tliick) of fresh kernels were cut with a Lab-Line/Hooker Plant 

Microtome (Lab-Line Instruments, Inc. Melrose Park, Illinois). The sections were 

immediately treated with 100 |xM MBS (m-maleimidobenzoyl N-hydroxysuccinimide 
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ester), as recommended by Sonobe and Shiboaka (1989), prior to a 1-hr fixation in 4% 

formaldehyde. The only exception is the sample shown in Figure 2.3 A. The sample was 

not pretrealed with MBS, was fixed in 4% formaldehyde for 2 weeks and then embedded 

in paraffin. Both the MBS stabilization and fixation steps took place in the cytoskeleton 

stabilizing buffer described by Abe et al. (1991). The sections were permeabilized with 

cellulase (Utrilla et al., 1993) followed by a 30-min incubation in 0.1% Triton X-100 in 

PBS. Prior to incubation with an antibody, the sections were treated with a blocking 

solution (5% goat normal serum, 0.03% Triton X-100, 1% BSA in PBS, pH 7.0) for two 

to 12 hours at 4°C. 

Indirect immunofluorescence was performed as follows. Sections were first 

incubated in primary antibody diluted (v/v) in antibody solution (1%BSA, 0.03% Triton 

X-100 in PBS, pH 7.0) for one to 24 hours (with similar results). Anti-a-tubulin and 

anti-actin (Amersham Life Science Inc., Arlington Heights, EL) were both used at 

dilutions of 1:20 or 1:200, depending on the lot, whereas anti-y-zein (Lending et al., 

1988) was used at a dilution of 1:500. Anti-EF-la was diluted 1:100 (polyclonal 

antibodies, Habben et al., 1995; monoclonal antibodies, Kumagai et al., 1995). The anti-

phosphoenolpyruvate carboxylase, provided by C. A. Zeiher (University of Arizona. 

Tucson, AZ), was also diluted 1:100. After rinsing, the sections were incubated in 

secondary antibody conjugated to a fluorophore, at a dilution of 1:100 (v/v) with antibody 

solution, in the dark for one to 24 hours. Cy3-conjugated affinity-purified goat anti-

mouse IgG (Jackson ImmunoResearch Laboratories, West Grove, PA) was used to label 

the actin, tubulin, and monoclonal EF-la antibodies, and BODIPY FL goat anti-rabbit 
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IgG (Molecular Probes, Eugene, OR) was used to label the y-zein and polyclonal EF-la 

antibodies. A monoclonal EF-la antibody (Kumagai et al., 1995) was used in 

conjunction with the y-zein antibody for the experiment shown in Figure 6C; however, 

for all other experiments, the polyclonal EF-la antibody (Habben et al., 1995) was used. 

Control sections were treated with the appropriate preimmime serum (when available), 

normal serum, or ascites fluid rather than with the primary antibody followed by 

incubation with a secondary antibody. After reaction with the secondary antibody, the 

sections were rinsed and mounted in a polyvinyl alcohol/glycerol mount (Banker and 

Goslin, 1991) containing the antifade ^ent l,4-diazabicyclo-2,2,2-octane (Aldrich). 

For staining of the endoplasmic reticulum, sections were incubated in 1 (ig/mL 

3,3'-dihexyloxacarbocyanine iodide (Molecular Proties, Eugene, OR) in PBS for 10 min 

in the dark. For disruption of microfilaments, the endosperm sections were placed in 0.5 

mL of 10 |iM cytochalasin D (Sigma) for one hour. Following rinsing, the sections were 

permeabilized, blocked, and immunolabeled for actin and EF-la as described above. 

Sections were analyzed using either a Bio-Rad MRC 600 or 1024 (Bio-Rad, 

Hercules, CA), or a Leica (Leica Lasertechnik GmbH, Heidelberg, Germany) confocal 

laser scarming microscope with rhodamine or fluorescein filter sets. The microscope 

used did not affect the results obtained. As none of the confocal microscopes to which 

we had access were equipped with differential interference contrast (DIG) optics, 

accompanying DIG images could not be obtained. Control preparations were analyzed 

using the same laser power and photomuhiplier tube settings as their experimental 

counterparts. 
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Each localization and or treatment was performed a minimum of three times with 

kernels from different field seasons. The data collection was randomized by placing a 

high magnification objective directly onto an area of endosperm without previous 

vieAving of the cells and assaying multiple areas of each sample. 

Adjustments of inmge brightness and contrast were carried out in either Adobe 

Photoshop (Adobe Systems Inc., Mountain View, CA) or Corel Photopaint (Corel Corp., 

Ottawa, Canada). Figures were labeled and assembled using Adobe Illustrator or Corel 

Draw. 

Actin bundling assays were performed in a manner similar to that reported by 

Honts et al. (1994). In brieC purified yeast actin and maize EF-la were each clarified via 

ultracentrifiigation at 70,000 rpm for 30 min at 4°C. The Bradford dye binding assay was 

perfomed using y-globulin at a known concentration as a standard to determine the 

concentrations of actin and EF-la. Actin and EF-la were mixed in a 10/1 ratio (with 

actin at 3.0 ^iM and EF-la at 0.3 |xM) in G-actin buffer (5mM Hepes-KOH, pH 7.5, 0.2 

mM CaCh, 0.2 mM ATP, 0.5 mM DTT, I mM phenylmethylsulfbnyl fluoride and I 

Hg/ml each chymostatin, pepstatin, and leupeptin). As a positive control, the protein 

Sac6 (Honts et al., 1994), which is known to bundle yeast actio, was mixed with the actin 

(actin used at 3 |iM and Sac6 at 0.15 ^M). In addition, to ensure that the ability to bundle 

actin is specific under these experimental conditions, bovine serum albumin and 

cytochrome C (a basic protein like EF-la) were also tested for their abilities to bundle 

actin when used at the same concentration (0.3 fxM) as EF-la. Finally, actin alone was 

tested for its ability to self-aggregate under these conditions. Twenty-X (fold 
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concentration) polymerization buffer (450 mM Hepes-KOH, pH 7.5. IM KCL, 100 mM 

EGTA, and 320 mM MgCb) was added to the samples to initiate polymerization, the 

samples were gently mixed and incubated for 120 min at 22 °C. 

Aliquots of these samples were then processed for viewing by transmission 

electron microscopy. For each sample, a droplet (5^1) was placed on a formvar and 

carbon-coated grid and the contents allowed to settle for 10 min. Subsequently, most of 

the droplet was removed, and the grid was stained with 2% uranyl acetate for 10 min in 

the dark and then rinsed. Samples were viewed on either a Philips Electronic Instnmients 

420 or a Japanese Electron Optical Laboratories 100 cx transmission electron microscope 

at 80 kv. Samples were placed in lettered tubes prior to observation such that their 

identity was not known at the time of observation. 

RESULTS 

The Cytoskeleton of Maize Endosperm Cells Prior to Storage Product Deposition 

Microtubules, actin, and EF-la were localized in early stage in endosperm cells 

in which protein bodies and starch grains had not yet accumulated. In these young cells, 

a prominent nucleus is visible when viewed using bright-field optics, (Figiu-e 2.1 A) but 

by mid-stage III it is obscured due to the deposition of starch grains (Figure 2. IB). The 

absence of protein bodies in the early stage III cells was verified via indirect 

immunofluorescence using y-zein antiserum (data not shown). In these young cells. 



Figure 2.1. Bright-field microscopy of maize endosperm cells at two different stages of 

development. (A) Early stage lU endosperm cells prior to storage product depositioa 

Arrowheads indicate the perimeter of one cell. N, nucleus. (B) Late stage III endosperm 

cell undergoing storage product synthesis. The abundant large spheres are starch grains, 

which essentially prevent the visualization of other cellular components (e.g., protein 

bodies or the nucleus). Arrowheads indicate the cell perimeter. Bars = 15 jim. 
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microtubules were found both in the cell cortex as well as in an array emanating from the 

nucleus (Figure 2.2A). Actin was found enmeshing the nucleus and in strands extending 

from the nucleus toward the cell periphery (Figure 2.2B). EF-la was also seen primarily 

around the nucleus and among membranous structures near the nucleus (Figure 2.2C). 

Simultaneous staining with 3,3'-dihexyloxacarbocyanine iodide (DiOCa), which stains 

the ER and nuclear envelope and can also interact with mitochondria and Golgi 

membranes (Koning et al., 1993), suggested that at least some EF-la is localized to the 

endomembrane system (data not shown). A low level of fluorescence was also seen in 

some nuclei. Low background fluorescence was observed in control samples treated ^vith 

EF-la preimmune serum (Figure 2.2D). 

The Cytoskeleton During Storage Product Deposition 

Microtubules, actio, and EF-la appear to reorgani2K coincident with starch and 

stor^e protein production. In 16 to 28 DAP cells, which are actively accumulating 

starch and storage proteins, abundant cytoskeletal components were observed both in the 

cell cortex and throughout the cytoplasm. When these cells were fixed in 4% 

paraformaldehyde for 2 weeks without prior treatment with the protein cross-linker m-

maleimidobenzoyl N-hydroxysuccinimide ester (MBS), and were embedded in paraffin, 

the approximately parallel microtubules adjacent to the cell wall were prominent 



Figure 2.2. Distribution of microtubules, actin, and EF-la within interphase maize 

endosperm cells at early stage in prior to storage product deposition. Shown in (A), (C), 

and (D) are single optical sections; (B) is a projection im^e of 28 stacked optical 

sections taken at I |im intervals. (A) Cells immunologically labeled for a-tubulin. 

Microtubules appear in a cortical array adjacent to the cell wall and also emanate in 

multiple directions from the nucleus (N). The cortical array is visible in the cell at the 

lower left and is underlying a wall parallel to the plane of section. Microtubules around 

the nucleus are shown in the cell at the upper right. (B) Cells immunologically labeled 

for actin. A network of actin surrounds each nucleus (N), and strands of actin extend 

from the nucleus toward the cell wall. (C) Cell immunologically labeled for EF-la. The 

signal is found primarily around the nucleus (N) and among membranous structures near 

the nucleus. A lower level of fluorescence is also found inside the nucleus. (D) Cell 

treated with EF-la preimmune serum followed by treatment with the secondary antibody 

used in (C). Background fluorescence is seen only near the comers of the cell. Bars = 

15 |im. 
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and occasional microtubule fragments were observed between the starch grains (Figure 

2.3 A). In contrast, when thick, unembedded sections of endosperm were pretreated with 

MBS to stabilize the cytoskeleton, and fixed for only 1 hour (as was done for all samples 

except for 2.3 A), the microtubules were visualized in two major arrays; a cortical array 

and another multidirectional array that permeated the cytoplasm between the starch 

grains (Figure 2.3B). 

Immunolocalization of a soluble protein, phosphoenolpyruvate carboxylase 

(Figure 2.3C). resulted in fluorescence that is diffiisely located between the starch grains, 

in contrast to the filamentous appearance of microtubules in Figure 2.3B. Therefore, it 

appears the fixation and labeling procedure used in this and all other microscopic 

analyses does not cause substantial extraction of the cytoplasm nor collapse of the 

cytoplasmic components within the space between the starch grains. Sections incubated 

in phosphoenolpyruvate carboxylase preimmune serum or mouse ascites fluid followed 

by incubation with secondary antibodies had low background fluorescence (for example, 

see Figure 2.4). 

Protein bodies were labeled for y-zein, which is found at the periphery, causing 

them to look like spheres when visualized with confocal immunofluorescence 

microscopy. Simultaneous labeling of microtubules and y-zein revealed that the protein 

bodies are juxtaposed with the microtubules (Figure 2.4A). More specifically, the protein 

bodies are adjacent to or entwined with the microtubules. To investigate whether a 

similar relationship exists between protein bodies and microtubules in cytoplasm without 

abundant starch grains, these two antigens were localized in endosperm cells of a starch-
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Figure 2.3. Mid-stage III to early stage IV maize endosperm cells immunologically 

labeled for a-tubulin. Shown in (A) is a projection image of 25 optical sections taken at 

1 fim intervals and (B) is a projection image of 4 stacked optical section taken at 2 |im 

intervals. (C) represents a single optical section. (A) Microtubules in cells containing 

protein bodies and starch grains. Unlike all other samples shown, this sample was fixed 

with 4% paraformaldehyde for 2 weeks without prior treatment with MBS and embedded 

in paraffin. Cortical microtubules underlie the cell walls (shown parallel to the plane of 

section in the central ceil), whereas only fragments (arrows) exist between the starch 

grains (S). (B). Microtubules in a cell from an unembedded section of endosperm which 

was treated with MBS, and fixed in 4% paraformaldehyde for 1 hr (treatment used for all 

samples except for the one in [A]). A cortical array of approximately parallel 

microtubules exists adjacent to the cell wall (black and white arrowhead), and a 

multidirectional network of microtubules (white arrows) permeates the cytoplasm 

between the starch grains (S). (C). Immunolocalization of phosphoenolpyruvate 

carboxylase in one cell. Unlike the microtubule staining in (B), this antigen is distributed 

diffusely throughout the cytosol, which is found between starch grains (S). 

Bars = 10 fim. 
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Figure 2.4. Mid-stage III to early stage IV wild-type and shr2-r endosperm cells 

immunologically labeled for a-tubulin and y-zein. Shown in (A) is a projection image of 

8 stacked optical sections taken at 1 ^m intervals and (B) is a single optical section. (C) 

and (D) are projection images each composed of 10 stacked optical sections taken at 1 

fim intervals. (A) Immuno localization of a-tubulin, shown in red, and y-zein (located at 

the periphery of the protein bodies), shown in green, in a wild-type cell. The protein 

bodies, which are approximately 1 jam in diameter and appear as spheres, are juxtaposed 

with microtubules in the wild-type cells. (B) A representative single optical section 

through the cytoplasm of shr2-r endosperm cell, labeled as given in (A). The protein 

bodies of shr2-r endosperm are smaller (about one-tenth the diameter) than those in the 

wild type, but are similarly located juxtaposed to microtubules. (C) Endosperm cell 

incubated in control rabbit serum followed by treatment with the secondary antibody used 

to visualize y-zein in (A) and (B). (D) Endosperm cell incubated in mouse ascites fluid 

followed by treatment with the secondary antibody used to visualize a-tubulin in (A) and 

(B). Bars = 10 |im. 
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deficient mutant {sh2-r). These cells contained few or no starch grains. No starch grains 

were observed in the cell shown in Figure 2.4B, yet protein bodies were still juxtaposed 

with a reticulate array of microtubules. In this cell, the nonfluorescing areas that 

contained neither microtubules nor protein bodies were found to contain a granular 

cytoplasm when viewed by using bright-fie Id microscopy (Le., the cell did not appear 

extracted). (Note, a single optical section is shown, which reflects an even higher level of 

three-dimensional resolution and more strictly tests the relationship between protein 

bodies and microtubules). Minimal and diffuse fluorescence was observed in cells that 

had been incubated in either normal rabbit senun (Figure 2.4C) or mouse ascites fluid 

(Figure 2.4D) in lieu of primary antibodies. 

Actin was also found in high abundance in the cell cortex and cytoplasm (Figure 

2.5A). A dense network of filaments was observed adjacent to the cell wall, and 

filaments were also found in the cytoplasm between starch grains. In addition, actin was 

found clumped in the areas of the cytoplasm between starch grains. The pattern of 

distribution of this actin was virtually identical to the pattern of protein body (y-zein) 

distribution (cf Figures 2.5A and 2.5B). When the images representing actin and protein 

bodies were collected sequentially (using filter sets specific for each fluorophore 

successively and without moving the Z stage) and were superimposed (Figure 2.5C), 

extensive yellow fluorescence was seen, indicating colocalization of the proteins. 

Analysis at high magnification showed actin to be closely associated with the majority of 

protein bodies (Figure 2.5C inset). The protein bodies appear hollow at this 

magnification when visualized in a non-peripheral optical section. As a control the actin 



39 

Figure 2.5. Late stage in maize endosperm cell immimologically labeled for actin and y-

zein. (A) and (B) are projection images each composed of 5 stacked optical sections 

taken at 1.1 |im intervals; (C) represents the superimposition of single optical sections. 

(A) Distribution of actin in an endosperm cell. Actin filaments (arrows) appear near the 

cell wall and in the cytoplasm between the starch grains. In addition, clumps of actin 

(arrowheads) occur in the cytoplasm between the starch grains (S), which appear as black 

voids. (B) Distribution of y-zein in an endosperm cell. Protein bodies are distributed 

adjacent to the cell wall and in clusters (arrowheads) throughout the cytoplasm between 

the starch grains (S) in a pattern similar to that of the actin shown in (A). (C) 

Superimposed images of y-zein and actin from a single optical section. Signals 

representing each antigen were collected sequentially and the resuhing images 

superimposed. The yellow fluorescence, particularly in clusters (arrowheads) between 

the starch grains (S), indicates overlap of signal. The inset shows higher magnification of 

this sample and reveals actin in close association with protein bodies, which appear 

hollow and are each approximately I jim in diameter. The rabbit normal serum and 

mouse ascitis fluid control samples shown in Figures 4C and D are also controls for 

Figure 2.5. Bar = 20 fim. 
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was visualized with CY3 in a single labeled sample. This pattern of staining was 

compared with the samples in which the actin was visualized using CY3 and the protein 

bodies were visualized using BODIPY. The identical pattern of actin distribution around 

the protein bodies was observed in both cases. This control was done to insure that the 

actin stain was not an artifact related to the possible excitation of the BODIPY 

fluorophore in the collection channel of the CY3 fluorophore. 

During the period of storage product deposition, EF-la was localized around 

spheres approximately 1 jim in diameter (Figure 2.6A), implying that it is associated with 

the protein bodies and/or with the actin surrounding them. Although abundant, EF-la 

was not simply found throughout the cytoplasm (cf. Figure 2.3C). In addition to the dark 

areas occupied by starch grains, there were other nonfluorescing areas in the cytoplasm of 

cells labeled for this protein. Similar cells treated with EF-la preimmune serum 

followed by incubation with a secondary antibody had dim and diffuse fluorescence 

(Figure 2.6B). We verified that EF-la surrounds protein bodies by double labeling cells 

for both EF-la and y-zein and analyzing them sequentially, as described in Figure 2.5. 

There was extensive overlap of signal at the periphery of protein bodies, which appeared 

yellow (Figure 2.6C). When cells double-labeled for actin and EF-la were analyzed 

(Figure 2.6D), there was again extensive overlap of signal around the protein bodies, 

suggesting an association between the two. High m^nification of an area of this sample 

between the starch grains (Figure 2.6E) showed the yellow signal in an elaborate network 

that contains holes approximately 1 ̂ m in diameter. To test the hypothesis that actin and 
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Figure 2.6. Association of EF-la with the actin surrounding protein bodies in mid stage 

III to early stage IV maize endosperm cells. (A) is a single optical section, and 

(C),(D),(E),and (F) show superimposed optical sections that were obtained sequentially. 

(B) is a projection image of 13 stacked optical sections taken at 1 jim intervals. (A) 

Maize endosperm cell immunologically labeled for EF-la (polyclonal antibody 

visualized using BODIPY and colorized "glow"). The signal is visible primarily as 

hollow spheres approximately 1 {im in diameter grouped in between the starch grains (S). 

(B) Cell incubated with EF-la preimmune serum followed by treatment with the 

secondary antibody, as given in (A). (C) Cell immunologically labeled for EF-la 

(monoclonal antibody visualized using Cy3 (red) and y-zein (green) revealing extensive 

overlap of signal (yellow). The inset shows higher magnification of this sample. Yellow 

hollow spheres (approximately 1 |xm in diameter), that resulted from overlapping green 

and red fluorescence, indicate that EF-la exists at the surface of the protein bodies. (D) 

Cell immunologically labeled for actin (red) and EF-la (polyclonal antibody visualized 

using BODIPY, green). The yellow color indicates the overlap of signal, particularly in 

the area surrounding protein bodies. (E) Higher magnification of an area between the 

starch grains (S) in the sample shown in (D) showing extensive colocalization of actin 

and EF-la. (F) Higher magnification of an area between the starch grains (S) in a 

comparable cell to that shown in (E). The cell was pretreated with cytochalasin D and 

labeled for actin (red) zmd EF-la (green). EF-la is no longer localized around protein 

bodies. S, starch grains. Bars = 5 fim. 
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EF-la are associated, endosperm tissue was treated with the actin-disrupting agent 

cytochalasin D. Following this treatment, both actin and EE-1 a were visualized as tiny 

dots less than one-quarter of the size of protein bodies (Figure 2.6F). Dots of 

fluorescence also appeared near the edge of the cell depicted in Figure 2.6A, and may 

reflect incomplete preservation of the actin in this localized area. When cells were 

treated with cytochalasin D, they appeared to contain somewhat less EF-la. It may be 

that once the protein is no longer anchored to actin, some of it is lost from the section 

during processing. Finally, in cytochalasin D treated cells, labeling for y-zein showed 

that the protein bodies remained intact (data not shown). Therefore, it is likely that EF-

la and actin form a complex, though it is possible that some indirect effect of the drug 

caused the redistribution of EF-la. 

Several additional control experiments were performed (data not shown) to test 

wnetxier the uibiriuUiions of actin, microtubules, EF-lcc, and protein bodies remained 

consistent in the absence of starch grains or treatments with Triton-X 100 or DMSO. 

When actin and EF-la were localized in shr2-r endosperm cells, they were again found 

to be in close association with protein bodies, indicating that these proteins were not 

simply forced into proximity with the protein bodies by the abundant starch grains. 

Elimination of the Triton-X 100 permeabilization step did not alter the distributions of 

these antigens, but resulted in a higher level of background fluorescence. Actin and 

microtubules were also found close to nuclei in young cells, and to protein bodies in older 

cells when DMSO was eliminated from the protocol. Therefore, the use of these reagents 



45 

in our usual protocol did not cause the cytoskeletal elements to redistribute artifactually. 

Finally, staining of the cells with DiOCe revealed the persistence of extensive ER 

membranes following the fixation and immunolabeling procedures. 

Actin Bundling Assay Using Maize Endosperm EF-la 

The fects that EF-la and actin were colocalized and that cytochalasin D had an 

efifect on the distributions of both proteins suggested an association between the two. To 

further test this hypothesis, actin bundling assays were perfomed using EF-la purified 

fi*om maize endosperm (Sun et al., 1997) and yeast F-actin as the substrate. When actin 

was either incubated alone (Figure 2.7A) or in the presence of cytochrome C (Figure 

2.7B) or bovine serum albumin (data not shown) in polymerization buffer (which fevors 

filamentous actin over monomeric actin), only single filaments were visualized. In 

contrast, when the EF-la was mixed with actin in polymerization buffer and aliquots of 

the reaction mix viewed using electron microscopy, actin bundles were observed (Figure 

2.7C). 
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Figure 2.7. Maize EF-la bundles actin from yeast. Actin was incubated in a 

polymerization buffer either alone (A), or in the presence of cytochrome c (B), or EF-

la (C). Aliquots were then placed on carbon coated grids, negatively-stained with 2% 

uranyl acetate, and visualized using transmission electron microscopy. Bar = 0.5 [im. 
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DISCUSSION 

An extensive cytoskeletal network surrounding the protein bodies, which are 

found in the lumen of the RER (Larkins and Hurkman, 1978), was visualized in 

developing maize endosperm. Microtubules were found adjacent to the protein bodies 

that were enmeshed in networks of actin and EF-la. Although maize endosperm tissue 

has been studied extensively using light and electron microscopy (Khoo and Wolf. 1970; 

Larkins and Hurkman, 1978; Lending and Larkins, 1989), the cytoskeletal structure we 

describe has not previously been observed. Presumably, this is a consequence of the 

cytoskeleton being disrupted during conventional chemical fixation and processing. 

Although the function of the cytoskeleton in these interphase cells is not yet clear, it is 

hypothesized that it plays a role in the synthesis and organization of zeins, leading to 

protein body assembly. 

The organization of cytoskeletal components in early stage III maize endosperm 

cells, prior to the period of starch and storage protein synthesis, is similar to that found in 

a variety of plant cell types. At this stage, the microtubules radiate from the nuclear 

surface, reminiscent of those arrays in the cell wall-free endosperm cells of Haemanthus 

and Clivia (Schmit et al., 1983) and in interphase root cells of Arabidopsis, Zamia, and 

Azolla (Baskin et al., 1992). Such microtubules originating from the nucleus might be 

precursors of the cortical array (Flanders et al., 1990) or may ftmction in the movement 

and anchoring of the nucleus (Bakhuizen et al., 1985; Katsuta et al., 1990). The 
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microtubules observed in the cell cortex are commonly described and are presumably 

involved in cell wall synthesis (reviewed by Giddings and Staehelin, 1991). 

The organization of actin in 8 to 10 DAP endosperm cells, seen as a "basket" 

around the nucleus and cables emanating from the nucleus to the cell wall, is similar to 

that described by Traas et al. (1987) in suspension culture cells of carrot. It is thought 

that this structure may be involved in positioning the cell division plane (Palevitz, 1980; 

Traas et al.,I987), or in nuclear mobilization or transport of products from the nucleus to 

the periphery of the cell (Derksen et al., 1986). At this early developmental stage, EF-la 

was found to be associated with structures near and around the nucleus, and at least 

partially colocalized with the endomembrane system (data not shown). An association of 

EF-la with the ER is not unexpected, because Hayashi et aL (1989) showed that this 

protein can be anchored to the ER membrane by phosphatidylinositol via an 

ethanolamine linkage. 

A significant reorganization of the cytoskeleton occurs in endosperm cells 

between 10 to 16 DAP (mid-stage III). This reorganization is consistent with a 

modification of cytoskeletal structure and function coincident with the onset of starch and 

storage protein synthesis. At this stage, a multidirectional array of microtubules develops 

that permeates the areas of the cytoplasm between the starch grains. This array is similar 

to that described by Baskin et al. (1992) in root cells, although it most closely resembles 

the array in the starch filled central cell of the Arabidopsis meg^ametophyte (Webb and 

Gunning, 1994), The latter authors hypothesized that the cytoplasmic microtubules of the 

central cell may serve to move the amyloplasts, because plastids appear to distribute in a 
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microtubule-dependent manner in the male reproductive cells of lily (Tanaka, 1991). 

Microtubules were frequently found juxtaposed with protein bodies in maize endosperm 

cells. Only a small amount of overlap (yellow fluorescence) was observed where the 

microtubules and protein bodies were in close apposition, which could be due to a 

minimal area of contact between the two. Alternatively, microtubules and protein bodies 

may not be directly associated, but other proteins may mediate their interaction. 

Microtubules are found adjacent to ER rrembrane in other cell types, such as wheat 

meristem cells undergoing division (Pickett-Heaps and Northcote, 1966) and fibroblasts 

in culture (Terasaki et al., 1986). Using DiOC6. it was verified that ER membranes 

remained following the immunolabeling procedures (data not shown), but attempts to 

visualize the details of the ER/cytoskeleton relationship at high magnification were not 

successful. Despite the use of an antifede agent, the DiOCe fluorescence feded too 

rapidly to obtain quality images. 

The actin of endosperm cells accumulating storage products was visible both in 

the cell cortex and in the cytoplasm between the starch grains. The transversely 

associated microfilaments that we observed in the cell cortex are similar to those reported 

by Traas et al. (1987) and Sonobe and Shibaoke (1989) in culture cells of carrot and 

tobacco, respectively. Such cortical actin may serve to organize the parietal cytoplasm 

(McCurdy and Williamson, 1991), or it might be involved in cell wall deposition 

(reviewed by Staiger and Schliwa, 1987). In the cytoplasm, in addition to long filaments, 

we observed actin surrounding the protein bodies. These networks of actin appear to 

correspond to those described by Davies and coworkers (Abe et al., 1991; Stankovic et 
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al., 1993), that enmeshed protein bodies in endosperm homogenates. The work of Davies 

et al. (1993) indicated an association of polysomes, including zein-synthesizing 

polysomes, with this actin, suggesting a possible role for the cytoskeleton in protein body 

formation (see below). 

In endosperm cells actively synthesizing storage proteins. EF-la exists in a 

complex with the actin around protein bodies. This explains the observation that both 

proteins are found in the protein body fraction following sucrose gradient centrifligation 

of endosperm homogenates (Habben et al., 1993; J.E. Habben, personal communication), 

and it is consistent with previous studies showing EF-la to be associated with the actin 

cytoskeleton (Condeelis, 1995) and the ER (Hayashi et al., 1989). An EF-la homolog 

from carrot has been shown to bind actin and facilitate its polymerization in vitro (Yang 

et al.. 1993), and Owen et al. (1992) found that EF-la from Dictyostelium could cross

link actin filaments into a unique type of bundle. The present study demonstrated that 

EF-la isolated from maize is also capable of bundling yeast actin in vitro. This ability to 

bundle actin appears to be a property of EF-la and not all other proteins, as bovine serum 

albumin was not capable of bundling actin nor was cytochrome C. The latter is a basic 

protein with an isoelectric point of 9.6, which is similar to that of EF-la (9.3). These 

findings argue against the idea that actin and EF-la interact simply because of non

specific electrostatic interactions. Given that maize EF-la is capable of bundling actin 

in vitro, perhaps the actin surrounding protein bodies is polymerized or crosslinked by 

EF-la. It is also possible, given the reports that EF-la bundles microtubules (Dxirso and 



Cyr, 1994) and binds to the ER membrane (Hayashi et al., 1989), that this protein 

somehow connects the actin with microtubules or attaches actin to the ER membrane. 

Another possibility is that EF-la does not affect cytoskeletal structure in endosperm 

cells, but its localization with the actin around protein bodies fecilitates zein peptide 

elongation. 

The association of EF-Ia with the cytoskeleton surrounding protein bodies may 

help to explain the basis for the high correlation found between the lysine content of the 

endosperm and the concentration of EF-la (Habben et al., 1995). The fact that the 

concentration of EF-la predicts 90% of the lysine in the endosperm, whereas the protein 

itself only accounts for 1 to 3% of the lysine (Sun et al., 1997), must reflect a relationship 

between EF-la and other lysine-rich proteins. Based upon the results of this study, it is 

hypothesized that the cytoskeleton may be a major source of the other lysine-rich proteins 

whose levels increase coordinately with EF-la. Although actin and tubulin themselves 

contain only 5% and 4% lysine, respectively, perhaps other as yet unidentified 

cytoskeleton-associated proteins have higher lysine contents. 

The opaque2 (o2) mutation generally causes an increase in the synthesis of lysine-

containing proteins, including EF-la. One possible explanation for the increased level of 

these proteins in the mutant is that o2 endosperm develops a more extensive cytoskeletal 

network than wild type. This could come about as a consequence of a larger number of 

protein bodies with which the cytoskeletal network is associated. Protein bodies in o2 

mutants are typically one-fifth to one-tenth the diameter of normal protein bodies (Geetha 
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et al., 1993), and although the o2 endosperm contains on average about half as much zein 

as does the wild-type (Moro et al., 1996), based on the reduced volume of protein bodies, 

one would predict a significantly larger number of protein bodies in the mutant. Because 

the surface area is a function of the square of the radius, on average there would be a two-

to four-fold increase in surface area of the ER membrane around protein bodies in the o2 

mutant. The relative number of protein bodies and amounts of cytoskeletal proteins in 

wild-type versus o2 endosperm have never been determined, but it should be possible to 

do so to test this hypothesis. 

Based upon the localization of a cytoskeletal network associated with protein 

bodies, the work of Davies et al. (1993) indicating the association of polysomes with the 

actin surrounding protein bodies in endosperm homogenates, and numerous reports of 

cytoskeleton-based mRNA localization in animal cells (St Johnston, 1995), perhaps the 

cytoskeleton in endosperm cells fimctions in the localization of zein mRNAs. The 

localization of Vgl mRNA in Xenopus oocytes may provide an analogous example. The 

Vgl protein is a TGF-P homolog that has a signal peptide and is implicated in 

mesodermal induction (Thompsen and Melton, 1993). Experimental evidence suggests a 

two-step localization pathway for Vgl mRNA, in which microtubules transport the 

mRNA to the vegetal hemisphere and then actin anchors the message to the cortex 

(Yisraeli et al., 1990). One possibility is that zein mRNAs are transported to the ER 

along microtubules and are anchored to sites of protein body formation by actin. This 

model is presented in Figure 2.8. A role for actin in the attachment of storage protein 
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Figure 2.8. Model depicting one possible role of the cytoskeletal network associated with 

developing protein bodies in maize endosperm. Diagonal (blue) lines represent 

microtubules (MT) that juxtapose sites of protein body (PB) formation. The rough 

endoplasmic reticulum (ER) surrounding the protein body is enmeshed in a network of 

actin filaments (MP) crosslinked by EF-la. Ribosomes (dots) are attached to the 

cytoskeleton and or to the ER membrane. In this model zein mRNAs (orange) are 

transported across the cytoplasm by the microtubules and are anchored to sites of protein 

body formation by the complexes of actin and EF-Ia. 
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RNAs to protein bodies has been proposed previously (Abe et al., 1991; Okita et al.. 

1994). It appears that different classes of storage protein mRNAs in rice endosperm 

localize to different regions of the ER membrane (Li et aL, 1993). Perhaps the 

cj^oskeleton plays a role in this segregation. The following chapter describes the use a 

variety of approaches to test the hypothesis that the cytoskeleton localizes zein mRNAs. 

In the fiitiire, the study of protein body formation in maize endosperm may allow us to 

test the hypothesis that components of the translation apparatus (such as EF-la) regulate 

transport, anchorage, and translation of mRNAs via their ability to influence the 

cytoskeleton (Condeelis, 1995). 
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CHAPTERS 

INVESTIGATION OF THE POTENTIAL ROLES OF mRNA LOCALIZATION AND 

OF THE CYTOSKELETON IN PROTEIN BODY FORMATION 

INTRODUCTION 

In Chapter 2,1 describe the development of a complex cytoskeletal network 

coincident with storage product deposition in maize endosperm cells. This network does 

not fimction to facilitate cell division, since these cells are in terminal interphase. Several 

other possible functions, however, can be envisioned. For example, it is possible that the 

cytoskeleton is involved in starch synthesis (perhaps via recruitment of starch-

synthesizing enzymes), though the cytoskeleton seems more intimately associated with 

protein bodies than with starch grains. Alternatively, perhaps the cytoskeleton plays a 

structural role and holds cellular components (e.g. starch grains and protein bodies) in 

place. A third, though not mutxially exclusive possibility, was introduced at the end of 

Chapter 2; namely, that the cytoskeleton serves to localize zein mRNAs to sites on the 

ER membrane where protein bodies are forming. For the purposes of this study, only the 

mRNA localization hypothesis was tested. 

mRNA localization in cells serves many functions and has several advantages 

over protein localization (reviewed by Edmond et al., 1994 and St Johnston, 1995). First, 

the localization of a single mRNA molecule from which many proteins can be made 

likely requires less energy than the transport of the proteins themselves. Second, 
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localization of mRNAs affords the making of proteins in their proper location and in 

some cases, facilitates cotranslational assembly of proteins into larger macromolecular 

structures. Third, it can allow control of protein synthesis in localized regions of a cell 

and fourth, it can prevent the synthesis of a protein in a region of a cell where it could be 

detrimental (for example, where it might interact abherrently with other proteins or 

cellular structures). 

There is some precedent for subcellular localization of mRNAs in animal cells, 

though very little is known about this phenomenon in plants. Even in animal cells, most 

of the studies have been conducted in highly asymmetric cell types, such as nerve cells, 

fibroblasts, and in oocytes and embryos. For example, P-actin mRNAs have been found 

to localize with actin protein in the leading lamellae at the cell periphery of migrating 

fibroblasts (Lawrence and Singer, 1986). This phenomenon is thought to result in a 

localized increase in the concentration of actin filaments where they can facilitate 

movement. Another such example is that of MAP2 mRNA, which is found in dendrites 

closely associated with MAP2 protein that crosslinks microtubules (Gamer et al., 1988). 

Yet another case is that of myelin basic protein (MBP) mRNA in oligodendrocytes. 

MBP is required for myelin formation by the processes of these cells. As the function of 

MBP is to interact with and compact membranes, it would likely stick to membranes in 

the cell body if transported as a protein. Instead, the mRNA is moved in the form of 

particles from the perinuclear region and into the processes (Ainger et aL, 1993). 

There are also many examples of mRNA localization in oocytes and early 

embryos, in which the proper distribution of maternal factors is vital for normal 
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development. A classic example is that of bicoid (bed) mRNA in Drosophila oocytes. 

The bed gene product is required for head and thorax development (Driever et al., 1990). 

The gene is transcribed in nurse cells, and the mRNAs are transported through ring canals 

into the anterior pole of the oocyte (Berleth et al., 1988). Following fertilization, 

translation of bed occurs and the protein diffuses from the anterior pole to form a 

gradient. Another example is that of oskar [psk) mRNA, which is localized to the 

posterior pole of the oocyte, where it appears to localize nanos mRNA (Edmond et al., 

1994). Nanos leads to the generation of abdominal structures (Wang and Lehmann, 

1991). mRNA localization also plays a crucial role in Xenopus development. Vgl 

mRNA, which is initially distributed homogeneously in the oocyte, is eventually 

localized to the vegetal pole. The protein it encodes is a TGF-|3 homologue (transcription 

factor) crucial to the formation of the mesoderm. Xeat-2 mRNA, which encodes a 

protein with 50% identity to nanos and thus may play a role in axis formation, is also 

localized to the vegetal pole (Mosquera et al., 1993). 

The localization of many of the above mRNAs involves the cytoskeleton, as 

suggested primarily by experiments employing cytoskeleton disrupting agents. For 

example, (3-actin mRNA localization in fibroblasts appears to be dependent upon actin 

filaments and not microtubules, since cytochalasin D disrupts this localization but 

colchicine does not (Sundell and Singer, 1991). Further, this localization does not require 

protein synthesis, as treatment with puromycin and cycloheximide had no effect on 

mRNA distribution (Sundell and Singer, 1990). Conversely, MAP2 mRNA localization 

is disrupted by colchicine but not cytochalasin B, implicating a role for microtubules in 
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its localization (Litman et aL, 1994). Upon microinjection into oligodendrocytes, MBP 

mRNA was found to form particles which moved down the oligodendrocyte processes 

adjacent to microtubules and at a velocity (0.2 ^m/sec) characteristic of motor-driven 

movement (Ainger et al., 1993). The localization of bed mRNA to the anterior pole of 

the Ehxjsophila oocyte is also mediated by microtubules, as was demonstrated by the 

treatment of egg chambers with nocodazole (Pokrywka and Stephenson, 1991). Finally, 

the localization of Vgl mRNA likely occurs via a two-step mechanism in which 

microtubules transport the mRNA to the vegetal hemisphere and then actin anchors the 

message to the cortex (Yisraeli et al., 1990). 

In many of these cases (i.e. for P-actin, bed, and Vgl mRNAs) a portion of the 3'-

untranslated region (3'-UTR) of the mRNA appears to be both necessary and sufficient 

for mRNA localization ( Kislauskis et al., 1993; Macdonald and StruhU 1988; and Mowry 

and Melton, 1992, respectively). Because there are no obvious sequence homologies 

between these 3' ends, the secondary structure has been hypothesized to be necessary for 

their function (Macdonald, 1990; Macdonald et al., 1993). In addition, proteins have 

been found which bind these mRNAs and may mediate their movement. The staufen 

gene was found to be required for bed localization (St Johnston et al., 1991). The staufen 

protein binds to microinjected 3'-UTRs of bed mRNAs to form particles which move in a 

microtubule-dependent manner (Ferrenden, 1994). Three proteins were identified in the 

insoluble cytoskeletal frameworks prepared from mouse fibroblasts which interact with 

P-actin mRNAs and may fiinction to mediate P-actin localization in vivo (Sharpless et al., 

1993). Vgl RBP {Vgl RNA binding protein) binds to the vegetal localization site of Vgl 
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mRNA (Schwartz et aJ., 1992) and is required for its binding to microtubules in vitro 

(Elisha et al., 1995). The Vera protein binds to the 3'-UTR of Vgl mRNA and mediates 

its interaction with a subcompartment of the ER (Deshler et aL, 1997). The latter two 

proteins are hypothesized, therefore, to mediate the localization of Vgl mRNA in living 

oocytes. 

It is important to note that not all mRNAs are localized in an actin- or 

microtubule-dependent feshion. Xcat-2 mRNA, for example, is localized to the vegetal 

pole of the Xenopus oocyte as part of a mitochondrial cloud, and its association with this 

cloud is unaffected by cytochalasin B and nocodazoL which disrupt actin filaments and 

microtubules, respectively (Kloc and Etkin, 1995). In Fucus oocytes, actin mRNA is 

initially localized (along with polyA mRNAs in general) via an actin dependent 

mechanism to the thallus end, but the later actin mRNA localization to the cell plate 

occurs via an actin and microtubule-independent mechanism (Bouget et al., 1996). 

It is possible that zein mRNAs are trafiBcked to the ER simply via a signal 

peptide-docking protein mechanism which does not involve the cytoskeletoa However, 

given the fact that both Vgl and zeins enter into the secretory pathway, and the similarity 

in distributions of microtubules (across the cytoplasm) and actin (localized to sites of 

protein synthesis) in Xenopus oocytes and maize endosperm, I proposed a two-step 

model of movement (Figure 2.8) analogous to that hypothesized for Vgl (Yisraeli et al., 

1990). In this model, zein mRNAs are transported along microtubules to sites where 

protein bodies are forming. Here, they are anchored in place for translation by actin 

filaments which are cross-linked by EF-1 a. Indeed, networks of actin and EF- la have 
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been proposed to mediate the anchoring and translation of mRNAs (Bassell and Singer. 

1997). 

In order to investigate the validity of this model two major hypotheses must be 

tested. The first is that the zein mRNAs are localized to regions of the ER where protein 

bodies are forming. In rice. mRNAs which encode the two classes of storage proteins 

(the prolamins, which ultimately reside in the RER, and the glutelins, which ultimately 

reside in the vacuole) were reported to be segregated on the RER membrane (Li et al., 

1993). The prolamin mRNAs were found most often on the membrane surrounding 

protein bodies, and the glutelin mRNAs were most often found on the tubular or cisternal 

RER connecting the protein bodies. To test whether this kind of segregation exists for 

the zein mRNAs, high resolution in situ hybridization was performed in a manner similar 

to that used in the rice study (Li et al. 1993), and the results are reported in this chapter. 

Another hypothesis to be tested is that the zein mRNAs are trafficked (actively 

moved cr anchored by) the cytoskeleton. Several predictions follow from this 

hypothesis. One is that the zein mRNAs and cytoskeletal elements should be colocalized, 

and another is that disruption of the cytoskeleton should result in redistribution of these 

mRNAs. Additionally, if the mRNAs are actively moved along cytoskeletal elements, 

one should be able to visualize movement of microinjected fluorescently-labeled mRNAs 

along linear tracks in living cells. Several approaches were taken to test the above 

predictions, including fluorescent in situ hybridization (FISH), FISH following treatment 

of the tissue with cytoskeletal disrupting agents, and microinjection of fluorescent 

mRNAs into living endosperm cells. For all of the above studies, a— and y-zein mRNAs 
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were studied. These two were chosen because they represent the two major groups of 

zeins that show spatial and temporal differences in distribution (y-zein representing a type 

deposited early in protein body development ultimately residing on the outer portion of 

the protein body, and a-zein representing protein deposited later and filling the central 

core). 

Little is known about mRNA localization in higher plants, with the differential 

distribution of prolamin and glutelin mRNAs on the RER in rice endosperm (Li et al.. 

1993) being perhaps the most cited example. Though cytoskeletal trafficking was 

proposed to fecilitate this asymmetric distribution (Okita et al.. 1994), no evidence for 

such a mechanism has yet been reported. Evidence for cytoskeletal-bound polysomes 

associated with protein bodies has been described in maize endosperm (Davies et al., 

1993). but these studies were based upon the treatment of tissue homogenates with 

various detergents and cytoskeletal disrupting agents. Because they are amenable to 

techniques such as immunocytochemistry, in situ hybridization, and microinjection, intact 

maize endosperm cells may prove quite valuable for addressing the potential role of the 

cytoskeleton in mRNA trafiBcking in plant cells. 



64 

METHODS 

In situ Hybridization of Zein mRNAs in Endosperm Cells Visnjalized using Electron 

Microscopy 

Tissue Preparation 

Kernels (14-16 days after pollination and from the inbred line W64A+) were 

harvested from Zea mays plants grown under field conditions at the University of 

Arizona Agricultural Center (Tucson, Arizona). Approximately 2 mm^ pieces of 

endosperm were placed in fixative (4% formaldehyde and 0.5% glutaraJdehyde in 50 mM 

KPO4. pH 7.0) for 2 hr at room temperature. The tissue was embedded in LR GOLD 

resin which was polymerized at room temperature using 1% w/v benzoyl peroxide paste. 

70-90 nm-thick sections were cut onto formvar-coated nickel grids. 

Probe Synthesis 

Single-stranded, digoxygenin-labeled RNA probes were made by in vitro 

transcription. Appropriate cDNAs (y-zein, a-zein) were cloned into Bluescript SK+ 

(Stratagene) or pT7/T3-18 (BRL) vectors. These plasmids have T3 and T7 RNA 

polymerase binding sequences in opposite orientation flanking the inserts, such that both 

sense and antisense transcripts can be synthesized. Plasmids were linearized with 
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appropriate restriction enzymes, extracted with pHenol/chloroform and ethanol 

precipitated. In vitro transcription was performed for 2-4 h at ST'C using 1-2 jig of 

linearized plasmid, 1 unit of RNA polymerase, i.O mM ATP, CTP and GTP, 0.65 mM 

UTP. 0.35 mM Dig-11-UTP and 10.0 mM DTT in the appropriate transcription buffer. 

Subsequently, plasmid in the reaction mix was digested using 1 unit of DNase and the 

reaction stopped using EDTA (20 mM final concentration). The DNAs were then 

phenol/chloroform extracted, and the labeled probe separated from unincorporated 

nucleotides during ethanol precipitation via the addition of glycogen. To insure that the 

probes were of the proper size and that they were labeled with digoxygenin, they were 

separated on an agarose gel and blotted onto nitrocellulose membrane. The probes were 

visualized by incubating the blot with anti-digoxygenin antibodies conjugated to alkaline 

phophatase following reaction with BCIP (5-bromo-4-chIoro-3-indoyl phosphate) and 

NBT (nitro blue tetrazolium) (Sambrook et al., 1989). It was also confirmed that the 

antisense probes, and not the sense probes, recognized single bands on northern blots 

containing total endosperm RNA. Probes were quantitated by estimating the relative 

visual intensities in agarose containing ethidium bromide of serial dilutions of in vitro 

transcripts as compared to standards of known RNA concentration. Similarly, dot blots 

of serial dilutions were made and the digoxygenin visualized using an anti-digoxygenin 

antibody conjugated to alkaline phosphatase as described above. The intensities of these 

spots were compared to those of an RNA standard containing a known amount of 

digoxygenin. Probes were lyophilized and resuspended in hybridization solution (50% 

formaldehyde, 4XSSC, IX Denhardt's solution, 0.5 mg/ml heat denatured salmon sperm 



66 

DNA, 0.25 mg/mL E. coli tRNA, 5% dextran sulfate and 10 mM DTT) at a concentration 

of 37.5 ng/ fxL 

Pretreatment and Hybridization of Endosperm Tissue Sections 

This protocol represents a combination of those described by Li et al. (1993), 

McFadden (1991) and Bostwick et al. (1992) with modifications. All incubations (in 

prehybridization, hybridization, or antibody solutions, etc.) took place on baked glass 

spot plates lined with parafilm. Unless otherwise noted, for rinses, grids were dipped into 

appropriate solutions in baked glass beakers. All solutions were treated with DEPC 

(diethylpyrocarbonate) when possible, or were made with DEPC water (for example, if 

they contained Tris). 

The tissue sections were incubated in prehybridization solution (see above) by 

floating each grid tissue side down on a 4 ^il droplet for 15 min at 42°C. Meanwhile, the 

probe was heat denatured at 65°C for 15 min then chilled on ice. The grids were floated 

on 4 |il droplets of probe solution overnight at 42°C in a humidity chamber sealed with 

autoclave (heat resistant) tape. Following hybridization, the sections were rinsed in 4X 

SSC and 2X SSC for several minutes and finally incubated in 0.1 X SSC (by floating of 

the grids on 15 (il droplets) for 2 hr at 48°C. The grids were then floated on 15 nl 

droplets of blocking solution containing 5% rabbit normal serum and 2% bovine senmi 

albumin in buffer I (150 mM NaCl in 100 mM Tris, pH 7.5). 
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Probe Detection and Analysis 

For detection of the digoxygenin-labeled probes, immunocytochemistry was 

performed as follows. The grids were floated on a solution of anti-digoxygenin Fab 

fragments (diluted 1/100 in an antibody solution containing 5% rabbit normal seruni and 

1% BSA in buffer I) at room temperature for 1 hr followed by rinsing in buffer I. The 

grids were subsequently floated on a solution of rabbit anti-sheep antibodies conjugated 

to 15 nm colloidal gold particles (diluted 1/100 in antibody solution) for 1 hr at room 

temperature. The grids were rinsed in buffer I and then with DEPC water prior to post-

staining with 2% uranyl acetate and 2% lead citrate. 

The sections were viewed on either a Philips Electronic Instruments 420 or a 

Japanese Electron Optical Laboratories 100 cx transmission electron microscope at 80 kv. 

Micrographs were produced at a variety of magnifications, and the subcellular 

distributions of gold particles assessed. 

A gold particle was determined to be associated with the ER membrane (either 

cisternal or protein body) if it was found within 50 nm of that membrane (Li et al., 1993). 

In the case of protein body ER, when the number of gold particles per micron of ER was 

calculated, the circumference of the protein body was taken into account; for cisternal 

ER, both sides of the double membrane were measured. Measurements were made by 

first placing marks on a string, and the distance between the marks was measured with a 

ruler. These values were converted to microns based on the micrograph magnification. 
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The two-dimensional cellular surfece area represented by each micrograph was calculated 

based upon magnification. Microsoft Excel was used for statistical analyses. 

Detection of Zein mRNAs and Cytoskeletal Components by Fluorescent In situ 

Hybridization with Immunocytochemistry and Cytoskeletal Disruption 

Tissue Preparation 

Maize (Zea mays) plants were grown under greenhouse or field conditions at the 

University of Arizona Agricultural Center (Tucson, Arizana). Kernels (14-26 DAP) were 

harvested from the inbred line W64A+ and were sectioned, pretreated, fixed and 

permeabilized with cellulase and Triton-X 100 as described in the Methods section of 

Chapter 2, except that all solutions used were either DEPC treated or were made with 

DEPC water. Sections were then incubated in prehybridization solution (as for the high 

resolution in situ protocol above) for 1 h at 55°C. 

Hybridization 

The probes, which were the same as those described for the high resolution in situ 

hybridization study, were first diluted to 1 ng/ml in prehybridization solution and heat 

denatured for 15 min at 65 "C. The sections were incubated in this probe solution 

overnight with gentle agitation at 55°C. Following hybridization, the sections were 
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washed in prehybridization solution, then agitated in 2X SSC and 0.1% SDS (10 min. 

room temperature), followed by incubation in two changes of 0.IX SSC and 0.1% SDS 

for 2 h at 55°C. After a rinse in PBS, the sections were incubated in a solution to prevent 

nonspecific antibody reaction - either I-BLOCK (Tropix, Bedford Mass.) at 10 mg/mL in 

PBS, or 5% donkey normal serum and 1% BSA in PBS, for 2 hr. 

Probe Detection and Immunofluorescence 

Immunofluorescence was used to detect both the digoxygenin-labeled probes and 

any other antigen of interest (e.g. actin, tubulin, or y-zein). Sheep anti-digoxygenin IgG 

was diluted 1/100 in antibody solution, while antibodies against other antigens were 

diluted as described in Chapter 2. The sections were incubated in these primary 

antibodies for 2-15 hr and then rinsed. They were then incubated in secondary antibodies 

(all diluted 1/100 in antibody solution), including donkey-anti-sheep fluorescein (which 

labeled the RNA probes) and either goat-anti-mouse Cy3 or donkey-anti-mouse Cy5, 

which recognized the other antigens of interest. Finally, the sections were rinsed in PBS 

and placed on slides in an antifede agent-containing mounting medium (either PVA-

DABCO as described in Chapter 2 or Slowfade from Molecular Probes, Eugene, 

Oregon). 
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Cytoskeleton Disruption 

For cytoskeleton disruption experiments, the sections were bathed for I hr in 10 

fim cytochalasin D or in 1 |im oryzalin prior to in situ hybridization. 

Analysis 

Sections were analyzed using a Bio-Rad MRC 1024 confocal laser scanning 

microscope with rhodamine, fluorescein, and Cy5 filter sets. Analysis was performed 

essentially as described in Chapter 2 for the immunofluorescence experiments. 

Microinjection of Fluorescent mRNAs and Rhodamine Phalloidin into 

Endosperm Cells 

Preparation of Tissue 

Kernels (14-16 DAP) from the mutant Florida Scay Sweet (sh2-r) were harvested 

from plants grown under greenhouse conditions at the University of Arizona Agricultural 

Center (Tucson, Arizona). The endosperm was sectioned at a thickness of approximately 

50 |im using a Lab-Line/Hooker Plant Microtome (Lab-Line Instruments, Inc. Melrose 

Park, Illinois). The sections were immediately placed on 3 small dots of wet nail polish, 

such that the pericarp adhered to a (10 x 35 mm) petri dish (Nunc). PBS was slowly 
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added until the dish was about 2/3 full. Under these conditions, cytoplasmic streaming 

was observed to occur for at least 2 hours. Alternatively, the cells remained viable when 

the vibratome section was pressed into low-mehing point agarose in buffer on a 

microscope slide and the agarose kept moist with PBS. 

Synthesis and Fluorescent Labeling of mRNA 

Full length y-zein, a-zein, and GUS mRNAs (sense strands) were synthesized by 

in vitro transcription as described above, except that the vectors (PCRU and SP64A) 

contained an Sp6 polymerase binding site and an Ampliscribe^^ SP6 kit (Epicentre 

Technologies, Madison, WI) was used for these reactions. A fluorescent molecule was 

covalently attached to the 3' ends of the mRNAs essentially as described by Ainger et al. 

(1993) with the following modifications. BODIPY thiosemicarbizide (Molecular Probes. 

Eugene, OR) was used in place of fluorescein thiosemicarbizide. It was found that 

DMSO (20% (v/v)) had to be added to prior to the addition of the fluorescent molecule to 

prevent it from precipitating. In addition, in order to improve yield of the labeled probe, 

the sample was gel-filtered (using STE Select®-D, G-50 coltmms, 5 Prime -> 3 Prime, 

Boulder, CO) rather than precipitated after phenol/chloroform extraction. The BODIPY-

conjugated RNA was visualized by agarose gel electrophoresis and no unincorporated 

BODIPY was detected. 
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An Eppendorf 5242 Microinjector mounted onto an inverted microscope was 

used to microinject labeled RNAs and rhodamine phalloidin into endosperm cells. With 

0.2 |im needles, a lO-second injection time, and an injection pressure of 260 hPa and a 

standard pressure of 120 hPa, a volume of solution equivalent to 4-5% of the average cell 

volume was dispensed. Following this procedure, cytoplasmic streaming continued for at 

least one hour, and fluorescein diacetate staining (Heslop-Harrison and Heslop-Harrison, 

1970) indicated that the injected cells remained viable over the same time period. 

Using this procedure, fluorescent y-zein, a-zein, and GUS mRNAs were injected 

at concentrations of approximately 0.25-0.50 ng/nL in DEPC water, and rhodamine 

phalloidin was injected at a concentration of 30 fiM. 

Detection of Labeled mRNAs 

The injected cells were analyzed using a Bio-Rad 1024 confocal laser scanning 

microscope using the fluorescein filter set (for visualization of fluorescent mRNAs) or 

the rhodamine filter set (for visualization of rhodamine phalloidin). For detection of 

mRNAs, a cell was typically analyzed at various points in time using a single plane of 

focus (i.e. without moving the Z-stage). Though mRNA particles did appear to move in 

the Z-axis. following them down into the tissue proved to be very difficult. Therefore, 

mRNA movements were analyzed in only two dimensions. 
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RESULTS 

High Resolution In situ Hybridization of Zein mRNAs 

In order to visualize the distributions of y- and a-zein mRNAs on the ER 

membrane, high resolution in situ hybridization was conducted. When sections were 

incubated with either a y—or a-zein antisense probes, transcripts (seen as gold particles) 

were found on both the ER surrounding protein bodies as well as on the cisternal ER 

interconnecting protein bodies (Figure 3.1 A and B, circles). Typically, the use of 

antisense probes resulted in strands or clusters of gold particles. Such arrays are 

considered to be "true" signal, i.e. the result of single mRNA molecules which reacted 

with multiple probe and antibody molecules (Pomeroy et al., 1991; Singer et al., 1989). 

In contrast, when sections were incubated with y-zein or a-zein sense probes (Figure 3.1 

C and D. respectively), occasional (typically singlet) gold particles were seen, usually in 

the cytoplasm. Therefore, the antisense but not the sense signal appeared to be the result 

of specific binding of probes to endogenous mRNA molecules. 

These general observations regarding zein mRNA detection were verified via 

systematic counting of the gold particles, calculation of the two-dimensional cellular area 

represented in each micrograph, determination of the length of the ER in each 

micrograph, and statistical analysis. Such analyses indicated that the antisense labeling 

was both generally more abundant as well as more specific to ER membranes than the 

labeling in the sense controls, which was found to be randomly dispersed in the cell. For 
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Figure 3.1. Electron micrographs of endosperm sections treated with y-zein (A) and a-

zein (B) antisense probes as compared with control samples treated with y-zein and a-

zein sense probes (C and D, respectively). Circles are around colloidal gold particles 

which appear in clusters or strings in the antisense-treated samples and usually as singlet 

particles in the sense-treated samples. In addition, in samples treated with antisense 

probes, label was found primarily around protein bodies (PB) or on the cisternal (cis) ER 

whereas in the sense-treated samples, label was found at random locations in the cell. 

These observations were confirmed using statistical analysis (Table 3.1). Bars = I.O fim. 
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example, when gold particles were counted and the number per (im of cellular (total) 

surfece area was calculated, the values obtained from the samples treated with antisense 

probes were significantly higher than those obtained from the sense controls (Table 3.1). 

The numbers of gold particles per |im of ER membrane were also calculated and these 

data are presented in Figure 3.2. The results revealed that while the label on samples 

treated with antisense probes was found mostly on ER membranes, that present in the 

sense controls was found at more random sites in the cell. The distribution of label on the 

two different types of ER (protein body and cisternal) was also analyzed. The numbers 

of gold particles per pm protein body ER versus per jim cisternal ER are given in Table 

3.1. These data indicate that the samples treated with antisense probes had significantly 

more signal on both of these types of ER than did their sense-treated counterparts. Most 

importantly, there was no asymmetry in distribution of a- versus y-zein. Both were 

found in approximately equal amounts on protein body as well as cisternal ER. This 

lack of asymmetry is graphically illustrated in Figure 3.3, in which the numbers of gold 

particles per |am of protein body ER and cisternal ER are shown. 

Detection of Zein mRNAs and Cytoskeletal Components using Fluorescent In situ 

Hybridization, [mmunocytochemistry and Cytoskeleton Disruption 

To test the hypothesis that zein mRNAs and the cytoskeleton are associated, 

simultaneous detection of the RNAs and of the cytoskeleton was performed in the 



Table 3.1. Number of gold particles per fim" total (cellular) surface area, per |jm of 

endoplasmic reticulum (ER). per |am protein body (PB) ER. and per (im cisternal (cis) 

y 
antisense 

y 
sense 

a 
antisense 

a 
sense 

#gold/ |Jin" 0.060+ 0.017+ 0.100+ 0.011+ 
total area 0.030 0.006 0.030 0.002 

#gold/ |im 0.130+ 0.020 + 0.160+ 0.012+ 
ER 0.065 0.014 0.090 0.004 

#gold/ |im 0.138+ 0.014+ 0.194+ 0.014+ 
PB ER 0.014 0.011 0.114 0.009 

#gold/|ira 0.110+ 0.022+ 0.210± 0.012± 
cis ER 0.059 0.015 0.116 0.008 
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Figxire 3.2. The number of colloidal gold (Au) particles per |im of total (protein body 

plus cisternal) ER on endosperm sections treated with y-zein antisense and sense and a-

zein antisense and sense probes. Error bars represent standard error. These data indicate 

that there is significantly more label on the ER of samples treated with antisense probes 

than those treated with the sense probes. 
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Figure 3.3. The number of colloidal gold (Au) particles per ^m of protein body (pb) 

versus cisternal (cis) ER on endosperm sections treated with y-zein and a-zein antisense 

probes. Error bars represent standard error. These data indicate no significant difference 

between the incidence of either label on either type of ER, suggesting a lack of 

asymmetric distribution. 
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presence and absence of cytoskeletal disrupting agents. Note that for all of the remaining 

results discussed in this chapter regarding the distribution of the zein mRNAs 

(endogenous or exogenous), the observations with a-zein and for y-zein probes were 

essentially identical. Therefore, for any given observation, the data for only one or the 

other are shown. Fluorescent in situ hybridization, in which the cytoskeleton was 

retained, revealed that both a-zein (Figure 3.4) and y-zein (data not shown) mRNAs are 

concentrated around protein bodies and that this localization is sensitive to cytoskeletal 

disruption. Figure 3.4A shows that at low magnification, the antisense signal appeared 

rather punctate, and analysis at higher magnification (inset) revealed hollow spheres 

which were confirmed to be protein bodies by immunocytochemistry (data not shown). 

In contrast, the sense controls (Figure 3.4B) showed minimal and diffuse labeling. When 

calnexin mRNA was labeled (Figure 3.4C), the signal was reminiscent of images of total 

ER membranes labeled with DioC6 (not shown). In addition, this probe also appeared to 

label plasma membranes (Figure 3.4C). Pretreatment of the tissue sections with either 

cytochalasin D, to disrupt actin filaments (Figure 3.4D), or with oryzalin to disrupt 

microtubules (Figure 3.4E), disrupts of the punctate pattern of labeling of zein mRNAs. 

There appeared to be less label overall in the drug-treated samples. Perhaps this was due 

to the extensive washes that occur in the protocol, which may have rinsed away RNA that 

was no longer attached to cytoskeletal components. However, these samples contained 

somewhat more fluorescence than the sense control, suggesting that perhaps some zein 

mRNAs remained in the cells. 
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Figure 3.4. Results of fluorescent in situ hybridization experiments employing a-zein 

antisense (A), or sense (B) probes, a calnexin antisense probe (C), or an a-zein antisense 

probe following pretreatment of the endosperm with cytochalasin D (D) or oryzalin (E). 

(A) Section containing several layers of endosperm cells labeled with a-zein antisense 

probe. At lower magnification, the labeling appears punctate. Analysis at higher 

magnification revealed hollow spheres approximately Ifim in diameter (inset), which 

resemble protein bodies. (B) Section analogous to that in (A), but treated with an a-zein 

sense probe as a control. Only dim and diffuse fluorescence was seen. (C) Section 

labeled with calnexin antisense probe. Treatment with this probe had a different 

appearance than in (A). The fluorescence was less punctate, and resembled internal 

membrane staining with DioC6 (not shown). In addition, plasma membranes, seen at the 

tops of some cells and parallel to the plane of section, appeared to be labeled. (D) 

Section labeled with an a-zein antisense probe following pretreatment with cytochalasin 

D. Less punctate fluorescence was observed than in (A), though more fluorescence was 

seen in these cells than in the control cells treated with sense probe (B). (E) Section 

labeled with a-zein antisense probe following pretreatment with oryzalin. Very little 

punctate staining was observed, though the section was still somewhat more fluorescent 

than the control sample in (B). Note that the brightly fluorescent area at the top of the 

section is the pericarp which is highly autofluorescent. Bar = 40 |am. 
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When dual in situ hybridization and immunocytochemistry experiments were 

performed to label zein mRNAs and actin simultaneously, both y-zein (Figure 3.5A) and 

a-zein (not shown) mRNAs were colocalized not only with the actin immediately 

surrounding protein bodies, but edso with the actin filaments that pervaded the cytoplasm. 

Pretreatment of the tissue with cytochalasin D not only resulted in a disruption of the 

actin network, but also disrupted the distribution of the zein mRNAs (Figure 3.5B). 

Though similar simultaneous in situ hybridization and immunocytochemistry 

experiments were performed to determine whether zein mRNAs and microtubules are 

colocalized, the inconsistency of the results prevented a conclusion from being drawn. 

Microinjection of Rhodamine Phalloidin and Fluorescent mRNAs 

In order to see whether endosperm cells could tolerate microinjection and whether 

the actin cytoskeleton could be visualized in a living endosperm cell, I first injected 

rhodamine phalloidin which binds to filamentous actin. I found that indeed the 

endosperm was tolerant to this procedure. Cytoplasmic streaming continued and the cells 

remained viable for at least one hour after injection as assayed by fluorescein diacetate 

staining (Heslop-Harrison and Heslop-Harrison, 1970) (data not shown). Further, the 

actin cytoskeleton was labeled and appeared to retain mobility. When the actin 

cytoskeleton was visualized in this manner (Figure 3.6), it was very similar to that 

observed using indirect immunofluorescence (Figure 2.5B). Actin in the cytoplasm was 
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Figure 3.5. Colocalization of actin (red) and y-zein mRNA (green) as shown by 

immunocytochemistry and in situ hybridization, respectively. (A) Laser scanning 

confocal micrographs (single optical sections) from each signal were collected and 

superimposed. The resulting yellow color indicates colocalization of the mRNA and 

actin. This overlap of signal was seen between the starch grains (S) on chisters of actin 

(arrowheads), which were previously found to enmesh protein bodies, and also on actin 

filaments which pervade the cytoplasm (arrows). (B) Cell labeled for actin and y-zein as 

described in (A), but pretreated with cytochalasin D. The elaborate actin structure and 

colocalization with y-zein mRNA were disrupted, and there appeared to be a much lower 

level of both signals. Bars = 20 jam. 
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Figure 3.6. Microinjection of rhodamine phalloidin into a living maize endosperm cell. 

(A) Single optical section. The distribution of actin in this living cell closely matches 

that which was found using immunocytochemistry in fixed tissue. Actin is found as short 

filaments (arrows) in the cytoplasm as well as in clusters (arrowheads) between the starch 

grains (S). Therefore, the actin that was previously shown to surround protein bodies is 

filamentous, and not monomeric, in form. (B) The same cell as in (A), but this single 

optical section was taken just underneath a portion of cell wall at one end of the cell. 

Fine transverse filaments of actin were resolved similar to those which were observed 

using immunocytochemistry in fixed cells. Bars = 20 ^m. 
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seen as filaments and enmeshing protein bodies (Figure 3.6A). whereas in the cortex it 

was found in the form of fine transverse filaments (Figure 3.6B). 

When fluorescently-labeled y-zein (Figure 3.7) or a-zein (not shown) mRNA was 

introduced into the endosperm cells, initially (and up until approximately 10-15 min after 

injection) difilise dim fluorescence was seen immediately surrounding the injection site 

(Figure 3.7A). By approximately 15 min post-injection, discreet particles of 

fluorescence, approximately 0.5-1.0 |im in diameter, formed within this area (Figure 

3.78). At approximately 20 minutes post-injection, more particles were seen near the 

injection site in this "cloud" of fluorescence and some began to move out into other 

portions of the cell (Figure 3.7C). Figures 3.7 D-F illustrate the net result of this 

movement. The cell in this figure was injected on one end, where initially a "pool" of 

diffuse fluorescence was visualized (Figure 3.7D). Approximately 15 minutes later, the 

entire cell contained particles of fluorescence (Figure 3.7E). In contrast similarly 

prepared fluorescent GUS mRNA formed a few small particles, but these failed to move 

over the course of an hour (data not shown). 

My initial goal was to determine if the zein mRNA particles moved in linear 

tracts, as was reported for myelin basic protein mRNA in oligodendrocytes (Ainger et al., 

1993). This determination could not be made, however, due to several factors. Two of 

these were the large size and the three-dimensionality of the endosperm cells, which 

made it difficult to track movements of the particles in all three axes. This situation 

contrasts with that of nerve cells, which are almost two-dimensional in their long, thin 

processes. In addition, there was a trade-off" between image collection speed and 
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Figure 3.7. Microinjection of fluorescently-labeled y-zein mRNA. (A) Small portion of 

a cell observed after microinjection of fluorescently-labeled y-zein mRNA. The total area 

pictured represents approximately 30% of the cross-sectional area of the cell. 

Approximately 10 minutes after injection, the fluorescence was dim and difiiise in this 

area, which immediately surrounded the injection site. (B) As in (A), but approximately 

15 minutes after injection. By this time, discreet particles of fluorescence had formed. 

(C) As in (B), but approximately 20 minutes after injection. More discreet particles had 

formed in the immediate vicinity of the injection site, and some had begun to move into 

other areas of the cell (arrows). (D) Brightfield image of a cell injected with fluorescent 

y-zein mRNA at one end. The cell perimeter is indicated by arrowheads. The injected 

material had temporarily excluded cytoplasmic contents near the area of injection, which 

appeared as a clearing. (E) Fluorescent image of the same cell as in (D), approximately 

15 minutes after injection. Most of the RNA was seen as a diffuse pool of fluorescence at 

the end of the cell, though some particles had started to form within this pool. (F) The 

same cell as in (E), but approximately 30 minutes after injection. At this time, the entire 

cell contained particles of fluorescence. Bars = 20 fom. 
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resolution. When image collection speeds were rapid enough to track individual 

particles, resolution was so poor that it became difficult to distinguish the particles. The 

few tentative velocity measurements that were made for the zein mRNA particles 

suggested a velocity of roughly I (im/second. 

DISCUSSION 

In order to test the model presented in Chapter 2. in which zein mRNAs are 

proposed to be trafficked by the cytoskeleton to sites on the ER where protein bodies are 

forming, in situ hybridization (high resolution and fluorescent), immunocytochemistr>-, 

and microinjection experiments were performed. The high resolution in situ 

hybridization experiments were conducted to test the hypothesis that zein mRNAs are 

inserted preferentially at regions of the ER smroimding protein bodies. The major 

finding of these experiments, namely that both y— and a-zein mRNAs are found on 

cisternal ER as well as on the ER surrounding protein bodies in tissue prepared for 

electron microscopy, can be interpreted in multiple ways. First, these resuks could 

indicate that the zein mRNAs are inserted at random sites along the length of the ER 

membrane. However, since the distributions of only two types of zein mRNAs were 

assayed, it is a formal possibility that those not tested, namely p- and 6—zein, are 

localized to certain regions of the ER, while y- and a-zein mRNAs are not. But as there 

was no evidence of cytoskeleton (filamentous actin or microtubules) in these samples, 

this structure may have been destroyed during fixation or processing. Attempts were 
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made to preserve the c>toskeIeton for electron microscopy observation using high 

pressure freezing, but these were not successful. Therefore, it is possible that the zein 

mRNAs, which may have been anchored at certain locations in vivo by cytoskeletal 

elements, were artifactually redistributed during sample preparation. 

Methodology similar to that used by Li et al. (1993) to localize storage protein 

mRNAs in rice endosperm was used in the present study. In the rice study, it was 

concluded that an asymmetric distribution of glutelin versus prolamin mRNAs on the ER 

occurred despite the apparent absence of cytoskeletal structures. Therefore, the random 

distribution of storage protein mRNAs on the ER of maize endosperm versus their 

asymmetric distribution in rice endosperm may indicate a true difference between the two 

cereals. It is possible that, in rice, segregation of prolamin and glutelin mRNAs is 

functionally important, since the prolamins are retained in the ER, while the glutelins are 

further trafficked to the vacuole. Segregation of the zein mRNAs may not be necessary. 

Once zetns are inserted into the lumen of the ER, they may simply dififiise and coalesce 

based on their biochemical and physical properties. The findings by Wallace et al. (1988) 

and Coleman et al. (1996) that certain classes of zeins can form protein body-like 

structures in heterologous systems, even in the absence of the other classes of zeins, may 

support such a protein-interaction based model of protein body assembly. 

Fluorescent in situ hybridization (FISH), in which the cytoskeleton was preserved, 

was also used to visualize the zein mRNAs. The results of the FISH study corroborate 

those of the high resolution zein mRNA localization study in that the mRNAs were found 

associated protein bodies. On the other hand, comparison of the zein mRNA images with 
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those of calnexin mRNA in the FISH study seems to indicate an enrichment of the zein 

mRNAs around protein bodies versus that on other regions of the ER. This apparent 

disparity between the two studies may be due to a lack of cytoskeietal preservation in one 

versus the other. It should be noted, however, that the presence of zein mRNAs on the 

cisternal ER could not be ruled out based on FISH, due to insufficient resolution. 

Whether or not the zein mRNAs are inserted exclusively at sites where protein 

bodies are forming, the cytoskeleton may play a role in localizing them to the RER 

surfece. Indeed, several pieces of data are consistent with this hypothesis. First, I found 

that zein mRNAs co localized with actin, and second, treatment with cytochalasin D 

resuhed in the disruption of the putative mRNA-actin complex. Actin mRNA was 

similarly shown to colocalize with actin protein in fibroblasts in which cytochalasin D 

treatment disrupted the distribution of this RNA (Singer et al., 1989; Sundell and Singer, 

1991). Pretreatment of the endosperm with oryzalin also seemed to have an impact on 

the pattern of zein mRNA distribution, suggesting a possible role for microtubules in 

mRNA trafficking or anchoring. The spatial relationship between zein mRNAs and 

microtubules could not be determined, however. 

When microinjected into living cells, zein mRNAs formed into particles which 

became motile. This behavior is consistent that of other mRNAs which are localized by 

the either microtubules or actin (Ainger et al., 1993; Knowles et al., 1996; Sundell and 

Singer, 1991). In fact, several aspects of the behavior of the zein mRNAs are similar to 

those reported by Ainger et al. (1993) for MBP mRNA, which appears to be moved down 

oligodendrocj'te processes via microtubules. The zein mRNAs initially appeared diffiise 
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in an area proximal to the injection site. This situation is somewhat similar to that for 

injected MBP mRNAs, which initially appeared diffuse in the cell body portion (where 

they were injected) of the oligodendrocyte. The zein mRNAs formed into particles 

"^thin approximately 15 minutes after injection, whereas MBP mRNA formed particles 

by about 7 minutes post-injection. In the Ainger et aL (1993) study, the negative control 

globin mRNA, formed some particles but these foiled to move down the cellular 

processes. Similarly, GUS mRNA formed a few small particles which failed to move 

when microinjected into endosperm cells. Ainger et al. (1993) concluded that the simple 

formation of particles (not necessarily motile ones) was a general feature of mRNAs. but 

demonstrated that other types of RNAs were unable to form particles. 

The zein mRNAs formed into particles approximately 0.5-1.0 |im in diameter. 

This size is similar or perhaps slightly larger than those reported in the literature for other 

types of mRNA particles. Exogenously introduced myelin basic protein (MBP) mRNAs 

formed into particles which were approximately 0.3 f4.m in diameter (Ainger et al, 1993), 

and endogenous MBP mRNA particles were reported to be 0.6-0.8 |j.m wide (Barbarese 

et al., 1995). The sizes are simply estimates due to spreading of fluorescent signal. 

Electron micrographic analysis of endogenous mRNA particles in neurons indicated a 

diameter of 0.175-0.600 ^m in diameter (Knowles et al., 1996). 

The rough estimate I obtained for the velocity of the zein mRNA particles was 

approximately 1 ^im/second. Few published studies exist in which real-time mRNA 

particle movements have been observed and timed. In oligodendrocytes, MBP mRNA 

movement down the cellular processes appears to be microtubule-dependent, and 
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occurred at approximately 0.20 [im/second (Ainger et al., 1993). while SYTO 14-labeled 

mRNA granules in neuron processes move at 0.10 ^m/second (Knowles et al.. 1996). 

The estimated velocity for zein mRNA particles is therefore 5-10 times faster than these 

values. Similarly, MBP mRNA particles that reached the peripheral membrane area 

beyond the oligodendrocyte process move at about 1 jonj/second (Ainger et al.,1993). 

Thej^e authors speculated that this faster movement (the amplitude of which is indicative 

of active transport) is actin-dependent, since the granules remain with the cytoskeletal 

matrix upon detergent extraction. Little evidence for this hypothesis exists, however. It 

was not possible to compare the size and velocity of the zein mRNA particles to those 

formed in other plant cells since, to my knowledge, this is the first such study to be 

performed in plants. 

At present, the mechanism of zein mRNA movement is not known. Perhaps zein 

mRNAs are transported on actin filaments, since simultaneous in situ hybridization and 

immunofluorescence indicated colocalization of zein mRNA and actin protein. It is also 

possible that they are trafficked by a microtubule-dependent mechanism. It does not 

appear that the zein mRNA particles move simply by cytoplasmic streaming, since the 

GUS mRNA particles failed to move in a similar feshion. 

In the present study, the question of what composes the mRNA particles was not 

addressed. Ainger et al. (1993) hypothesized that each granule contains multiple mRNA 

molecules based on their fluorescent intensity. Ultrastructural analysis of the SYTO 14-

labeled mRNA granules in neurons revealed circular clusters of ribosomes. some with 

interparticle spacing characteristic of polysomes, but with no surrounding membrane 
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(Knowles et al., 1996). Finally, Barbarese et al. (1995) reported the presence of EF-la. 

ribosomal RNA, and amino acyl-tRNA synthetase in MBP mRNA granules. These 

authors speculate that the granules contain all of the macromolecular components 

necessary for translation. Such a mobile complex may increase the efficiency of 

translation and provide a vehicle for mRNA and transport (Barbarese et al., 1995). It is 

unknown whether translation occurs during transport, though some studies suggest that 

protein synthesis is not required for mRNA localization (Sundell and Singer, 1990). 

The resuhs of the high resolution and fluorescent in situ hybridization experiments 

as well as the microinjection experiments seem to indicate several things. First, the a-

zein and y-zein mRNAs (endogenous or exogenous) always behaved similarly in these 

studies. This suggests that although the two proteins are deposited at different locations 

in the protein body, the spatial distributions of the mRNAs and their associations with the 

cytoskeleton are similar. Second, these studies suggest that although zein messages may 

not be targeted specifically to the portions of the ER where protein bodies are forming, 

they may be trafficked and or anchored to the ER membrane by the cytoskeleton. 

However, more work would need to be conducted to prove a role for the cytoskeleton. 

These experiments are discussed in detail in the next chapter. 
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CHAPTER 4 

SUMMARY. CONCLUSIONS, AND FUTURE DIRECTIONS 

The research described herein has led to new insights with respect to cytoskeletal 

arrays and their possible functions in interphase plant cells. It has also contributed to our 

understanding of the distributions of storage protein mRNAs, and the mechanisms by 

which these distributions may be established in maize endosperm. An elaborate 

cytoskeletal network, including microtubules, was found both in the cytoplasm and in the 

cell cortex. This finding was intriguing, since traditionally the microtubules of interphase 

plant cells have been described to reside mostly in the cortex (Goddard et al., 1994). 

Much of this network was found adjacent to protein bodies, which are enmeshed in actin 

and EF-la. In addition, actin was bundled by EF-la in vitro, supporting the hypothesis 

that EF-la bundles actin in higher plant cells and suggesting a possible role of this 

protein in organizing the actin surrounding protein bodies. These findings, in conjunction 

with those of Abe et al. (1991) and Stankovic et al. (1993), led to the formulation of the 

model presented in Chapter 2, in which zein mRNAs are proposed to be trafficked by the 

cytoskeleton to sites on the ER where protein bodies are forming. 

One prediction which follows from this model is that zein mRNAs are inserted 

preferentially at regions of the ER surrounding protein bodies. High resolution in situ 

hybridization using endosperm fixed for electron microscopy failed to show this 

segregation, at least for those messages (a- and y-zein) tested. One major caveat is that 
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the cytoskeleton appeared to be disrupted during fixation and this may have affected the 

distribution of the mRNAs. 

Fluorescent in situ hybridization experiments, in which the cytoskeieton was 

preserved, revealed that the mRNAs do reside, at least in part, around protein bodies. 

However, it should be noted that the localization of these mRNAs on cisternal ER cannot 

be ruled out due to the limits of light microscopic resolution. Treatment of the 

endosperm with the cytoskeletal disrupting agents, cytochalasin D and oryzalin, resulted 

in a redistribution of the mRNAs, which became more dispersed in the cytoplasm. In 

addition, both a- and y-zein mRNAs were colocalized with filamentous actin. These 

findings are consistent with the hypothesis that zein mRNAs are localized in a 

cytoskeleton-specific manner, if not to specific sites on the ER, then to the ER membrane 

in general. 

Definitive proof that the cytoskeleton plays a role in zein mRNA trafficking 

would require visualization of the mRNAs in living cells in the presence and absence of 

functional cytoskeletal elements. I performed preliminary experiments which suggest the 

feasibility of such studies. First, I determined conditions under which maize endosperm 

cells can be micro injected while remaining viable, and under which they can also be 

treated with cytoskeletal disrupting agents if desired. Using these procedures, I 

successfully injected rhodamine phalloidin, and monitored actin in living endosperm 

cells. Second, I made fluorescent zein mRNAs and followed their movements in these 

cells. These mRNAs formed into mobile granules, which, as discussed in Chapter 3, is 

consistent with a cytoskeletal-mediated mechanism of movement. 
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To definitively prove that the cytoskeleton is involved in trafficking zein mRNAs, 

many more experiments need to be conducted. First, more control mRNAs should be 

injected and their behaviors analyzed to ensure that multiple types of message are treated 

differently by the cell. Very little is known about the cytoskeletai associations of 

mRNAs in plant cells, so it is difficult to select positive and negative controls a priori. I 

h>Tpothesize, however, that PEP carboxylase mRNA would not be trafficked by the 

cytoskeleton, since the protein is found throughout the cytoplasm (Chapter 2). Actin 

mRNA may serve as a positive control, since as discussed in Chapter 3, it has been found 

to localize in an actin-dependent manner in several other systems. 

If the zein mRNAs are trafficked by the cytoskeleton, then one would predict 

that cytoskeletai disruption would inhibit zein mRNA movement. In order to test this 

hypothesis, zein mRNAs could be injected into cells bathed in cytochalasin D, which 

would disrupt filamentous actin, or oryzalin, to disrupt microtubules. However, the use 

of such drugs is somewhat problematic, since they could have secondary effects on the 

metabolism of the cells, and because the entity they are affecting (the cytoskeleton) is 

involved in a broad range of cellular functions. For example, cytochalasin B has been 

shown to interact with the hexose transport carrier in lymphocytes, thereby inhibiting 

carrier-mediated equilibrium exchange of hexose (Mookeijee at aL, 1981). Therefore, 

perhaps cytochalasins display other affinities in plant cells as well. The use of oryzalin 

may be somewhat less problematic, as tubulin seems to be the primary subcellular 

receptor for this drug which does not bind several other proteins tested (Morejohn and 

Fosket, 1991). The concern about using these drugs would be that a negative result (i.e. 
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mRNAs that do not move) following such treatment may not necessarily prove a direct 

role for the cytoskeleton, but rather may be the result of generally impaired physiology or 

some other indirect effect. Beyond determining that the cells still undergo cytoplasmic 

streaming and are still viable (via fluorescein diacetate staining), one could also perform 

assays to determine that other physiological processes are occurring normally in cells 

which have been treated with these drugs. For example, continued protein synthesis 

could be confirmed using in vivo labeling, and respiration rates could also be measured. 

Finally, one should confirm that the drug used is having the desired effect. 

Immunocj^ochemistry or injection of rhodamine phalloidin or fluorescent brain tubulin 

could be conducted in order to confirm that the drugs are indeed effectively disrupting the 

cytoskeleton. 

Observations on the effects of cytochalasin D and oryzalin could be strengthened 

if a second prediction of the model (that the zein mRNA particles are colocalized with 

and or move along cytoskeletal elements) were also investigated. This hypKJthesis could 

be tested by performing dual injections of rhodamine phalloidin or fluorescent brain 

tubulin along with fluorescent zein mRNAs. I found that the former labeled the actin 

cytoskeleton of the endosperm without rendering it immobile (Chapter 3). The latter has 

been reported to incorporate into native plant cell microtubule arrays which remain 

dynamic (Hepler et al., 1993; Zhang et al., 1993). If zein mRNA particles were seen to 

move along actin filaments, for example, this would strengthen an observation that 

cytochalasin D inhibited their movement, and support the hypothesis that the actin is 

directly involved in this process. In general, if different mRNAs which are introduced 
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into the cells (zein, actin, PEPcase, and GUS mRNAs) behave differently, this 

observation would support the notion that not all mRNAs are selectively trafficked. A 

scenario could be envisioned in which all mRNAs normally form particles which are 

mobile by a non-cytoskeletal mechanism, and that following treatment with cytoskeletal 

disrupting agents, none can move because the cell is generally unhealthy. However, 

different behaviors of different mRNAs in untreated cells would airgue against this simple 

scenario. 

Finally, in situ hybridization should be used whenever possible to corroborate the 

general observations of microinjection. Both techniques could introduce components of 

artifact. With in situ hybridization, the cells are dead and the contents chemically 

crosslinked. but the technique allows the visualization of endogenous mRNAs. With 

microinjection, the cells, though alive, have been punctured. Further, fluorescently-

tagged mRNAs are introduced in tremendous excess concentration over what would 

normally exist in the cell. If the results of both types of analyses corroborate one another, 

however, any given observation would be greatly strengthened. 

If it is determined that the cytoskeleton does localize zein mRNAs to the ER 

membrane, a future goal of the laboratory will be to determine the RNA sequences 

necessary for localization as well any proteins which might be involved. As noted in the 

Introduction section of Chapter 3, the 3' untranslated region has been implicated in the 

cytoskeleton-dependent movements of several naRNAs (Kislauskis et al., 1993, 

Macdonald and StruhL 1988, and Mowry and Melton, 1992). However it is also possible 

that sequences elsewhere in the zein transcripts play a role. In order to narrow down the 
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region(s) of importance, mRNAs could be injected which have certain portions (e.g. the 

5' untranslated, 3' untranslated, and coding sequences) deleted, and their abilities to 

localize to the ER determined. Once a candidate region is identified, it can be exchanged 

between zein mRNAs and other mRNAs. For example, if a zein mRNA with a GUS 3' 

end fails to localize while a GUS mRNA containing a zein 3' end localizes properly, this 

would further support the role of the 3' end in localization. Once the larger region of 

importance has been identified, mRNAs with smaller deletions in this region could also 

be injected and assayed for their ability to localize correctly in order to more finely map 

the necessary sequence. 

In addition, we have access to transgenic plants which may also aid in 

determining the region of importance for localization. These plants have been 

transformed with GUS reporter sequences flanked by the following: the 27 kD y-zein 5' 

and 3' untranslated regions (UTRs), the 22 kD a-zein 5' and 3' UTRs. the a-zein 5' 

UTR and a proteinase inhibitor II 3' UTR, the Waxy 5'and 3' UTRs. and the Waxy 5' 

UTR and proteinase inhibitor 3' UTR. The mRNAs containing the proteinase inhibitor II 

and waxy sequences might be expected to behave differently than those with zein 

noncoding regions. (The Waxy gene encodes an amyloplast-bound starch synthase). 

Comparison via in situ hybridization of the distributions of these mRNAs could 

corroborate the results of the microinjection experiments described above. For example, 

if an mRNA with a y-zein 3'noncoding sequence is localized at the ER membrane while 

an otherwise identical mRNA but with a waxy 3' noncoding sequence is not, this would 

support a role for the 3' noncoding sequence in y-zein mRNA localizatiorL Such 
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corroboration of the microinjection experiments is important, since the latter rely on the 

introduction of copious mRNAs containing fluorescent tags. 

Another goal would be to identify RNA binding proteins (RBPs) which mediate 

zein mRNA localization. A postdoctoral associate in the laboratory. Dr. Ronald Burnett, 

has used RNA band-shifl, uv-crosslinking, and northwestern blotting (Chen et aL, 1993; 

Qian and Wilusc, 1993) procedures to identify several endosperm proteins which bind the 

3' noncoding region of the 27 kD y-zein mRNA. One of these, a 25 kD protein which 

shows high affinity for this region of the mRNA, has been partially purified (R. Burnett, 

personal communication). Three or four other such proteins have been identified in 

extracts from cytoskeleton/membrane-bound polysomes. Work is in progress to further 

separate these proteins by two-dimensional SDS-PAGE and northwestern blotting, and to 

identify individuals which bind a y-zein mRNA 3' end probe. These proteins will be 

isolated for microsequencing, and PGR primers designed for the screening of an 

endosperm cDNA library. Altematively, more conventional procedures, such as size 

exclusion and affinity chromatography can be used to purify the proteins and antibodies 

prepared for immunoscreening of an expression library. 

Once these RBPs have been purified to homogeneity and identified, their 

specificity for y-zein mRNA versus other (zein and non-zein) mRNAs can be determined 

in vitro using gel mobility shift assays. The RNA sequences which interact with the 

RBPs will be mapped by assaying the ability of deletion mutants to bind the proteins. In 

vitro experiments can also be performed to determine the ability of these RBPs to interact 

with the cytoskeleton. ""^S-labeled RBPs can be produced using the TnT coupled 
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transcription-translation kit from Promega. and their ability to bind His-cagged maize 

actin and tubulin assessed. However, it is possible that intact actin filaments or 

microtubules are required for binding, as is the case for the P-actin (Sharpless et aL 1993) 

and Vgl RBPs (Elisha et al., 1995), respectively. Therefore, if the above assay does not 

give positive results, it may be possible to co-precipitate the RBPs and cytoskeletal 

elements using actin or tubulin antibodies. 

The possibility that the RBPs bind zein mRNAs and or the cytoskeleton could 

also be tested in situ. Once antibodies to the RNA binding proteins are made, they could 

be used to examine the spatial relationships between these RNA-binding proteins, the y-

zein mRNAs, and the cytoskeleton, using immunocytochemistry and simultaneous in situ 

hybridization as described in Chapter 3. It may also be possible to test the ability of the 

RBPs to colocalize with these elements in vivo, using microinjection procedures or via 

analysis of transgenic endosperm expressing green fluorescent protein-RBP fusion 

proteins. 

If it can be definitively shown that the cytoskeleton plays a role in zein mRNA 

localization and thus protein body formation, this will be the first documented case of 

RNA localization by the cytoskeleton in a higher plant cell. In the larger context of 

cytoskeieton-localized mRNAs (plant or animal), the localization of zein mRNAs would 

provide a unique example, since the endosperm cell does not fall into any of the 

categories of cells known to utilize this mechanism. Endosperm cells are not polar, 

motile, an oocyte or part of an embryo. Instead, zein mRNA localization by the 

cytoskeleton would seem to serve the purpose of coordinating the synthesis of protein 
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bodies, which are important for the function and phenotype of the endosperm tissue. 

Indeed, perhaps the cytoskeleton plays a role in cytoplasmic organization in many other 

cell types (plant and animal) than we now realize. 
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