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Abstract:
Telomerase is a ribonucleoprotein complex that adds telomeres to the ends of eukaryotic chromosomes.
Two subunits are associated with telomerase, the catalytic subunit, commonly referred to as TERT, and
the RNA subunit. Telomerase has been extensively studied in mammalian and yeast systems, but little
is known about the roles of telomeres and telomerase in plants or their effect on plant growth and
development. This thesis reports the identification of two plant TERT genes, Arabidopsis ihaliana and
Oryza sativa (rice). From the multiple sequence alignments it was concluded that, as with previously
identified TERTs, plant TERTs contain the conserved reverse transcriptase motifs 1, 2 and A-E as well
as the TERT specific motif T. In addition, the alignment of all known TERTs showed seven additional
conserved motifs, five upstream of motif T (TEL 1-5) and two downstream of the RT motif E (F and
G). Phylogenetic analysis revealed that the TERT catalytic subunit in plants is conserved throughout
evolution, and, that plant TERT proteins resemble those of higher eukaryotes (human, mouse and
hamster) more closely than to those of lower eukaryotes (yeast or ciliates).

Ribulose bis-phosphate carboxylase activase (Rubisco activase) is an enzyme that catalyzes the
activation of Ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco). Rubisco activase has been
identified in a number of plant species, including barley, rice, maize, Arabidopsis, tobacco, tomato and
spinach, but only within the monocot barley have two distinct Rubisco activase genes been identified.
All other plants have one gene associated with Rubisco activase. In this thesis, we set out to identify
the Rubisco activase gene(s) in an additional monocot, wheat. Screening of a cDNA library resulted in
identification of two wheat Rubisco activase genes, WRcaA and WRcaB. The 432 amino acid WRcaB
polypeptide was found to be 96% identical to the barley BRcaB polypeptide and the 363 amino acid
WRcaA polypeptide was found to be 95% identical to the barley BRcaA polypeptide. Multiple
sequence alignment also showed WRcaA and WRcaB contain the same structural features found
through studies on other plant species. 



I. IDENTIFICATION AND PHYLOGENETIC ANALYSIS OF PLANT TERT GENES 

II. IDENTIFICATION OF RIBULOSEBISPHOSPHATE 

CARBOXYLASE/OXYGENASE ACTIVASE IN WHEAT

by

Ruschelle Ann Love

A thesis submitted in partial fulfillment 
of the requirements for the degree

of

Master o f Science 

in

Plant Sciences

MONTANA STATE UNIVERSITY 
Bozeman, Montana

July, 2000



ii

t t v i s

APPROVAL 

of a thesis submitted by 

Ruschelle Ann Love

This thesis has been read by each member of the thesis committee and has been 
found to be satisfactory regarding content, English usage, format, citations, bibliographic 
style and consistency, and is ready for submission to the College o f Graduate Studies.

Dr. Gary A. Strobel

Approved for the Department of Plant Sciences

Dr. Norm F. Weeden
(Signature)

C  / w / o  CJ 

Date

Approved for the College o f Graduate Studies

Dr. Bruce M. McLeod
(Signature) Date



iii

STATEMENT OF PERMISSION TO USE 

In presenting this thesis in partial fulfillment of the requirements for a master’s degree 

at Montana State University, I agree that the library shall make it available to borrowers under 

rules of the library.

IfI have indicated my intention to copyright this thesis by including a copyright notice, 

copying is allowable only for scholarly purposes, consistent with “fair use” as prescribed in 

the U.S. Copyright Law. Requests for permission for extended quotation from or 

reproduction o f this thesis in whole or in parts may be granted only by the copyright holder.

Signature l / j J A f l j / l / /  / 9  / r l / f .

Date ZTT/1)j i A, QjDhfr
( f  '



TABLE OF CONTENTS

Page

IDENTIFICATION AND PHYLOGENETIC ANALYSIS •
OF PLANT TELOMERASE GENES............................................................  I

Introduction...................................................................................... ................ I
Materials and Methods.....................................................................................  10

Database Identification o f Putative Arabidopsis thaliana TERT  10
Collection of Arabidopsis thaliana DNA........................................... 10
Identification o f Arabidopsis thaliana TERT (AtTERT).................. 10
Sequencing of Clones..;.......................................................................  13
Database Identification of Putative Oryza sativa (Rice) TERT........ 13
Collection of Oryza sativa (Rice) DNA............................................. 14
Confirmation of Oryza sativa (Rice) TERT Fragment Sequence..... 15
Intron Prediction o f the Rice BAC sequence.....................................  16
cDNA Library Screening for Oryza sativa (Rice) TERT.................  16
Phylogenetic Analysis and Sequence Alignments

of Known TERTs.................................................................... 17
Phylogenetic Analysis of the identified TERTs including

Oryza sativa putative TERT..................................................  18
Results and Discussion...........................................   19

Identification o f Arabidopsis thaliana.TERT Gene..........................  19
Structural Characterization o f AtTERT.............................................  23
Identification of Oryza sativa (Rice) Putative Gene.................   31
Structural Characterization of the Putative Oryza sativa

TERT Gene.............................................................................  33

IDENTIFICATION OF RIBULOSEBISPHOSPHATE CARBOXYLASE/
OXYGENASE IN WHEAT............................................................................  37

Introduction....................................................................................................... 37
Photosynthesis......................................................................................  37
Structure o f Rubisco............................................................................  40
Rubisco and the Calvin Cycle........... .................................................. 41



V

TABLE OF CONTENTS - Continued

Page

Rubisco and Photorespiration..................................................  41
Plant Strategies for Reducing Photorespiration................................. 43
Regulation of Rubisco.........................................................................  46
The Role o f Rubisco Activase.............................................................  47
Structural Features of Rubisco Activase............................................ 49

Materials and Methods.....................................................................................  53
Cloning o f Three Partial Wheat Rubisco Activase “B” Genes

from Wheat Genomic DNA........................... ;........................ 53
Sequencing of Clones..........................................................................  55
Cloning of the Complete Rubisco Activase “B” Gene

(WRcaB) from a Wheat cDNA Library.................................  55
In vivo Excision o f cDNA from Phage and Sequencing....................58
Detection of the Complete Wheat Rubisco Activase “A” Gene

(WRcaA) from a Wheat cDNA Library.................................  59
Multiple Sequence Alignment o f Three Partial WRcaB Genes........60
Sequence Analysis o f WRcaA and WRcaB...................... .................  60

Results and Discussion.....................................................................................  62
Identification of Three Partial Rubisco Activase “B”

Genes from Wheat................................................................... 62
Identification o f the WRcaB Gene in Wheat......................................  62
Identification of the WRcaA Gene in Wheat.....................................  67
Multiple Sequence Alignment and Sequence Analysis

o f Rubisco Activase Genes...................................................... 69

REFERENCES CITED................................................................................................  73

APPENDIX A, 79



vi

LIST OF TABLES

Page

Table

1-1. Amino Acid Sequence Homology for 466 Positions
among the Nine Known TERT Proteins........................................ ................ 29



V ll

LISTOF FIGURES

Page

Figure

1-1. End Replication Problem.................................................................................... 5

1-2. Telomerase Elongation Model...........................................................................  7

1-3. PCR Amplification of Arabidopsis thaliana Genomic DNA
using Exact and Degenerate Primers......................................... ....................  20

1-4. Genomic Arabidopsis thaliana TERT Fragment............................................... 22

1-5. Multiple Sequence Alignment o f Motifs of Nine
Full-length Telomerase RTs............................................................................  24

1-6. 15 Motifs Identified in TERT Genes.................................................................  26

1-7. Phylogenetic Tree o f all Known TERTs.........................................    30

1-8. Genomic Oryza sativa (Rice) TERT Fragment..........................................   32

1-9. Multiple Sequence Alignment of Motifs o f Ten TERT Fragments
(270 nucleotides) including Oryza sativa (Rice)............................................ 33

1-10. Phylogenetic Tree o f Known TERT Fragments and
Oryza sativa Fragment.....................................................................................  35



viii

LIST OF FIGURES - Continued

Page

Figure

2-1. Photosynthetic (Calvin Cycle) and Photorespiration Cycles.............................. 39

2-2. CS and C4 Leaf Anatomy....................................................................................  44

2-3. C4 Metabolic Pathway for Concentrating CO2..................................................  45

2-4. Three Different WRcaB Gene Fragments...........................................................  63

2-5. Amino Acid and Nucleotide Sequence o f Rubisco Activase
from Wheat (WRcaB)......................................................................................  65

2-6. Amino Acid and Nucleotide Sequence o f Rubisco Activase
from Wheat (WRcaA)...................................................................................... 69

2-7. Multiple Sequence Alignment of Known Rca Genes........................................  71



ix

ABSTRACT

Telomerase is a ribonucleoprotein complex that adds telomeres to the ends of 
eukaryotic chromosomes. Two subunits are associated with telomerase, the catalytic subunit, 
commonly referred to as TERT, and the RNA subunit. Telomerase has been extensively 
studied in mammalian and yeast systems, but little is known about the roles of telomeres and 
telomerase in plants or their effect on plant growth and development. This thesis reports the 
identification o f two plant TERT genes, Arabidopsis ihaliana and Oryza sativa (rice). From 
the multiple sequence alignments it was concluded that, as with previously identified TERTs, 
plant TERTs contain the conserved reverse transcriptase motifs I, 2 and A-E as well as the 
TERT specific motif T. In addition, the alignment of all known TERTs showed seven 
additional conserved motifs, five upstream of motif T (TEL I-5) and two downstream of the 
RT motif E (F and G). Phylogenetic analysis revealed that the TERT catalytic subunit in 
plants is conserved throughout evolution, and, that plant TERT proteins resemble those of 
higher eukaryotes (human, mouse and hamster) more closely than to those of lower 
eukaryotes (yeast or ciliates).

Ribulose bis-phosphate carboxylase activase (Rubisco activase) is an enzyme that 
catalyzes the activation o f Ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco). 
Rubisco activase has been identified in a number of plant species, including barley, rice, maize, 
Arabidopsis, tobacco, tomato and spinach, but only within the monocot barley have two 
distinct Rubisco activase genes been identified. All other plants have one gene associated 
with Rubisco activase. In this thesis, we set out to identify the Rubisco activase gene(s) in 
an additional monocot, wheat. Screening of a cDNA library resulted in identification of two 
wheat Rubisco activase genes, WRcaA and WRcaB. The 432 amino acid WRcaB 
polypeptide was found to be 96% identical to the barley BRcaB polypeptide and the 363 
amino acid WRcaA polypeptide was found to be 95% identical to the barley BRcaA 
polypeptide. Multiple sequence alignment also showed WRcaA and WRcaB contain the same 
structural features found through studies on other plant species.



I

ID ENTIFICATION AND PHYLOGENETIC ANALYSIS OF PLANT
TELOM ERASE GENES

Introduction

Telomeres, or the specialized structures found at the ends o f eukaryotic chromosomes, 

were first characterized by Muller in 1927 (Blackburn, 1995). In Drosophila, Muller 

produced genetic mutations via X-ray irradiation and closely studied the breakage and 

rejoining of chromosomes. Analysis o f the mutations led to the finding that breakage and 

rejoining (chromosomal rearrangements) never occurred at the terminal end of chromosomes, 

thus leading to the concept of a “cap” at the end o f the chromosome. These discoveries were 

supported by maize chromosome breakage studies done by Barbara McClintock in 1941 

(Blackburn, 1995). McClintock used a breakage-fusion-bridge cycle to study newly formed 

chromosomes ends. The breakage-fusion-bridge cycle consisted o f the movement o f two 

centromeres o f a dicentric chromosome to opposite poles of the mitotic spindle, thus forming 

a bridge between poles. The breaking of the bridge, during anaphase or telophase, produced 

two monocentric chromosomes with newly formed ends. Throughout these studies, 

McClintock was able to draw several conclusions concerning broken chromosomes, including 

the idea that newly formed chromosome ends were “sticky” and would fuse with other newly 

formed chromosome ends (normal, unbroken, chromosomes were stable and would not fuse 

to other ends) (Blackburn, 1995).

These initial studies, on chromosome rearrangement, were followed by cytological
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studies of chromosome ends, showing many cases in which the ends o f chromosomes behaved 

in special ways, and molecular studies o f telomeres (Blackburn, 1995). The molecular 

analysis o f telomeres began with the discovery that the most distal portion o f the 

Tetrdhymena thermophila chromosomes consisted of tandem arrays o f repeated sequence 

(Blackburn, 1995). Since then, progress has been made in the characterization of telomere 

structure and function. It was soon discovered, by looking at various eukaryotic organisms, 

that telomeres, regardless of species, were structurally and functionally similar. All telomeres 

consist o f repeated sequences with a G-rich strand oriented in the 5' to 3' direction towards 

the chromosome terminus (Blackburn, 1995). Each terminus contains a 3' overhang of two 

repeat units (Regad, 1994; Richards, 1991; Zentgraf, 1995) which enables telomerase, an 

RNA-dependent DNA polymerase, to synthesize additional G-rich repeats (Blackburn, 1995). 

The telomeric DNA usually consists of tandem repeats of 5-8 bp sequence elements. Some 

common sequence motifs include: TTAGGG (vertebrates); TTTAGGG (angiosperms); 

TTAGGG (fungi); and TmGGGG (ciliates) (Blackburn, 1995). Other organisms have 

telomeric repeats that are much longer and more highly variable. Saccharomyces cerevisiae, 

for example, has an imperfect telomeric repeat, T(G)m (TG)1̂  (Zakian, 1996), and Candida 

albicans has a unique 23 bp repeat (Blackburn, 1995). The length o f the telomeric tandem 

arrays for the above species has been shown to vary, ranging from 5-20kb in humans, 100- 

15Okb mice, 200-25Obp in Arabidopsis, to very short stretches o f 18-20bp in Oxytricha and 

Euplotes (Zentgraf, 1994 and Richards, 1988).

An additional interesting feature o f telomere structure is the presence of bound 

proteins associated with them. Proteins associated with telomeres have been isolated and
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characterized for different systems and are associated with different parts of the telomeric 

tract, such as the single-stranded 3' overhang or the double-stranded telomeric repeat tracts 

(Zentgraf, 1995, Shippen, 1998 and Zentgraf, 2000). The first group o f telomere-associated 

proteins interact with the telomeric single-stranded 3' overhang in ciliates. They are assumed 

to function as molecular chaperones, capping the G-quartets formed by the single-stranded 

3' overhang (the G-rich overhanging strands o f telomeres that dimerize to form stable 

complexes in solution via the formation of G-quartet, or cyclic, tetramers). The second group 

of telomere-binding proteins, double-stranded telomere-binding proteins, has been 

characterized in human and yeast and are classified as a family o f Myb-related 

(protooncogene) telomeric DN A-binding proteins. Rap I p, one example o f a double-stranded 

telomere-binding protein, is involved in telomeric position effects as well as in telomere length 

regulation. The telomeric position effect refers to the ability of telomeres to repress the 

transcription o f genes in their vicinity (Stavenhagen, 1998). Plant telomere-binding proteins 

have also recently been discovered (Zentgraf, 1995). In contrast to human/yeast, they appear 

to form complexes with both double-stranded and single-stranded telomeric DNA effectively. 

Thus, the plant telomere-associated proteins appear to fit simultaneously into both categories 

described above, suggesting that they may have multiple functions.

The functional roles o f telomeres have been well established. It is known that 

telomeres perform at least three basic functions. First, telomeres may maintain genome 

integrity by forming protective caps at the ends o f chromosomes that prevent chromosome 

end to end fusion, recombination, or exonucleolytic degradation (McEachern, 1996 and Gall, 

1995). Second, they may serve a function in nuclear organization, as they seem to be
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associated with the nuclear matrix (Zentgraf, 1995). Third, telomeres are needed for the 

complete replication o f chromosomal termini as a solution to the “end replication problem” 

(discussed below). Because RNA primers are required to initiate DNA strand replication, 

conventional DNA polymerases cannot completely replicate eukaryotic chromosomes 

containing 3' terminal extensions (Lingner, 1997). Thus, the enzyme telomerase, a 

ribonucleoprotein, is needed for replication o f chromosomal termini.

Telomerase, first purified from Tetrdhymena (Ligner, 1997), is an RNA-dependent 

DNA polymerase containing an RNA and a protein subunit. The RNA subunit provides the 

template for addition o f short sequence repeats to the 3' end o f the telomere and was first 

identified in Tetrahymena by Greider and Blackburn (Greider, 1989). To date, a variety o f 

telomerase RNA subunits have been identified from different organisms, including ciliates, 

yeasts and mammals (reviewed in Nugent, 1998). The telomerase catalytic protein 

component, also first identified and sequenced in Tetrahymena, has now been identified in 

ciliated protozoans, mammals, yeasts and the yXmt-Arabidopsis thaliana. The protein 

component serves as the catalyst for telomere repeat synthesis and contains sequence 

similarity to reverse transcriptase, including the presence of seven reverse transcriptase (RT) 

motifs: 1,2, and A-E (Bryan, 1999). In addition to containing the RT sequence motifs, a 

telomerase-specific motif, T, is also present in all telomerases identified to date, but its 

function has not yet been elucidated. Identification o f the eight (T, 1,2 , and A-E) telomerase 

reverse transcriptase motifs ledto the naming of the catalytic subunit as “TERT” (Telomerase 

Reverse Transcriptase) by Nakamura et al., 1997.

Genes in the RT family encode a wide variety of elements including telomerases.
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retroviruses, long terminal repeat (LTR) retrotransposons and group II introns to name a few 

(Nakamura, 1998). And although they are a diverse group, they all contain RT motifs. The 

seven canonical RT sequence elements have been found in the catalytic subunit of telomerase, 

which is not surprising, as telomerase polymerizes DNA using an RNA template, itself the 

definition of an RT (Nakamura, 1998). Telomerase has been found in evolutionarily diverse 

organisms, and in all cases contain an RNA template and a conserved TERT subunit, 

suggesting that telomere maintenance by telomerase is an ancient mechanism.

Lagging strand 

Leading strand

Lagging strand 

Leading strand

$ T S T E P l

RNA Primer RNA Primer

I
---------5

STEP 2

Figure 1-1. End Replication Problem. STEP I : Denaturation of the template occurs first. 
The leading strand synthesis results in complete replication of the 5' template sequence. Both 
lagging and leading strand synthesis are initiated by RNA primers. STEP 2: RNA primers are 
removed from the lagging strand, resulting in an incompletely replicated end. A 3' overhang 
at one end of each “new” DNA strand (chromosome) is thus created. Only one end of the 
chromosome is illustrated. The left-hand curved line indicates the rest o f the chromosome.
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Chromosome replication poses a problem for eukaryotic cells. Replication by DNA 

polymerase does not work for replication o f chromosome ends, as the 3 '-end of chromosomes 

are not completely copied via this mechanism. Thus, each successive round o f conventional 

DNA replication results in a loss o f telomeric sequence as DNA polymerase fails to complete 

synthesis o f the lagging strand (Figure 1-1). To prevent Continuous loss of sequence, 

telomerase has evolved to add sequence onto 3' chromosomal termini. The model of telomere 

repeat addition by telomerase (Figure I -2) was proposed by Greider and Blackburn (Greider, 

1989) and has since been supported by additional studies. Telomerase binds to the 3' 

overhang of the chromosome end, with the RNA template base pairing with the most terminal 

telomeric repeat. The telomere is then elongated by the addition o f nucleotides to the 3' 

terminus. Once the end o f the templating domain is reached, a translocation step is necessary 

to reposition the DNA back to the beginning o f the RNA template for another round of 

nucleotide synthesis (Blackburn, 1995 and Shippen, 1998).

Thus, telomere maintenance is dependent on telomerase and therefore telomerase 

often determines the future of the cell. In healthy cells, telomerase activity appears to be 

tightly regulated and maintains proper telomere length. However, in cancer cells or aging 

cells, telomeres are abnormally long or short. In human somatic cells, telomeres are found 

to shorten with each successive cell division. Furthermore, in both mammalian and fungal 

systems (Nakamura, 1997 and Ligner, 1997), severe telomere degradation is implicated in 

cellular senescence and aging. On the other hand, human immortalized cell lines and cancer 

cell lines are often found to have higher levels o f telomerase, suggesting that unchecked
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CCCAAATCCC 
GGGTTTAGGGTTTAGGGTTTAGGGTTTAGi

3''
5''

ISTEP 3

CCCAAATCCC X  XXXUCCGUX /
GGGTTTAGGGTTTAGGGTTTAGGOTTTAGGGTTTAGGGTTT

Figure 1-2. Telom erase Elongation Model. STEP I: The TTTAGGG repeat of the 
telomere is base paired with the RNA template sequence of telomerase. Elongation occurs 
as the RNA is copied to the end of the template region. STEP 2: Translocation repositions 
the telomere sequence and exposes additional template sequence. STEP 3: Another round 
of template copying produces additional TTTAGGG repeats. New bases are seen in bold and 
letters in italics indicate RNA template.

addition o f telomeres by telomerase may result in immortality of cell lines (Zakian, 1997).

Despite increasing interest in telomeres and telomerase over the past decade, studies 

of plant telomeres and telomerase have been limited. This is somewhat surprising as the 

telomere concept was developed in maize (Blackburn, 1995) and the first higher eukaryotic 

telomere was cloned from Arabidopsis thaliana (Richards, 1988).

Current plant telomere and telomerase research includes focus on the developmental
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control o f telomere length and of telomerase expression in plants. Plant telomeres, as stated 

above, were first identified in the plant Arabidopsis thaliana by Richards and Ausubel 

(Richards, 1988). The plant telomere sequence appears to be TTTAGGG for many identified 

plant species, including Arabidopsis, barley, tomato, maize, wheat, and Melandrium album 

(white campion) (Shippen, 1998, Riha, 1998). Interestingly, plants o f the onion family 

apparently lack the TTTAGGG telomeric repeats, as neither in situ hybridization nor 

Southern blotting have been successful in detection of this telomeric sequence (Shippen, 

1998). Although the telomere repeat itself is conserved within most plants, telomere length 

varies to a large degree between species as well as between different tissues of the same 

species. For example, Arabidopsis telomeres average 2-4 kb (Richards, 1988) whereas 

tobacco telomeres extend up to 130 kb (Shippen, 1998). It has also been determined that 

telomere length varies between tissues of the same plant. For example, plant telomeres are 

shortened in embryos and inflorescences during differentiation in barley. Moreover, the 

telomere shortening is believed to be due to an absence of telomerase, as seen in the similar 

process in humans (Kilian, 1995). The telomeres in barley are especially long during 

undifferentiated growth in suspension cultures, likely the result of higher levels of telomerase 

activity (Kilian, 1995).

Telomerase expression is also believed to be developmentally regulated. Telomerase 

expression was first reported in tobacco using a biochemical telomerase (oligo extension) 

assay method o f detection (Fajkus, 1996). More recently, the PCR-based Telomere Repeat 

Amplification Protocol (TRAP) assay has been successfully used to detect telomerase activity 

in a variety o f plants including: barley, Arabidopsis thaliana, cauliflower, tobacco, soybean
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and M  album (McKnight, 1997; Fajkus, 1998; Shippen5 1998; Riha5 1998). Utilizing such 

methods, expression of plant telomerase activity in various tissues has been explored (Killian, 

1998, McKnight, 1998, Riha5 1998,and Heller, 1996). Telomerase activity was easily 

detected in organs containing rapidly proliferating meristems, such as germinating seedlings, 

root tips, embryos, anthers, carpels, flowers and the floral buds. Telomerase activity, 

however, was either low or absent in such tissues as the shoot apex, leaf, or stem. The above 

observations suggest that telomere length in plants, as in human and yeasts, is maintained by 

a telomerase-mediated mechanism.

Despite recent progress in investigating plant telomeres and telomerase, much work 

must still be done before a solid understanding o f the role of telomerase and its controls are 

achieved. Identification and study of both the TERT and RNA components of plant 

telomerase will be an essential step towards this goal. In this thesis, with the goal of 

identifying plant TERT genes, we utilized the higher plant preliminary sequence data made 

available by the Stanford Sequencing Center (Stanford, California) to identify putative plant 

TERT gene fragments. Using sequence information from the putative Oryza sativa (rice) and 

Arabidopsis thaliana TERT gene fragments, primers were made with the goal of identifying 

full length TERT genes by either PCR or by screening a cDNA library. The deduced 

polypeptide sequence from resulting genes were subject to phylogenetic analysis, against 

known TERT sequences, in an attempt to reinforce the findings that the TERT catalytic 

subunit is a conserved component o f telomerase. Surprisingly, it was found that Arabidopsis 

TERT and 0. sativa TERT more closely resemble the TERT proteins o f higher eukaryotes 

than TERTs from lower eukaryotes.
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Materials and Methods

Database Identification o f Putative Arabidopsis thaliana TERT

A putative Arabidopsis thaliana TERT gene was found in the GtnBwkArabidopsis 

(incomplete genome) database via the “TBLASTN” algorithm using a 76 amino acid fragment 

o f the known human TERT (hTERT) amino acid sequence (motifs B, C and D) as query. 

Parameters were set at default and the hTERT query pulled up multiple hits including a 625 

bp Arabidopsis thaliana genomic DNA fragment, accession number B27802. The deduced 

polypeptide sequence of the unidentified /f wfopaf? gene was 41% identical to hTERT with

65% similarity. This protein had regions which showed substantial similarity to reverse 

transcriptase RT motifs C, D and E of hTERT, and was therefore considered a putative 

TERT.

Collection o f Arabidopsis thaliana DNA

RNAse treated Arabidopsis thaliana DNA (Colombia ecotype) was obtained from 

B. Sharrock, Montana State University. The DNA was concentrated by ethanol precipitation 

and then resuspended in TE buffer (I OmM Tris pH8, ImM EDTA). The concentration was 

quantitated via the Beckman Du-50 spectrophotometer at A260, and DNA was inspected by 

running a 1% agarose gel to ensure it was not degraded.

Identification of Arabidopsis thaliana TERT CfrTERTt

Exact and degenerate primers were constructed using sequence information from the 

^vXditivQArabidopsis TM Tfragment found in GenBank and from Saccharomyces cerevisiae,
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Schizosaccharomyces pombe, Tetrahymena thermophila, and Oxytricha trifallax TERT 

sequences. The primers used for identification of TERT from genomic Arabidopsis DNA 

were: Arab C l (rev)-exact, 5'-AGA CAC AAA A TG TAGTCA TC-3'; Arab C2 (rev)-exact, 

5'- GTC ATCA ATA AAT CTC AGT AA-3'; Arab Cl (rev)-deg., 5-GAY GAY TAY ATH 

TTY GTN TCN-3'; Arab C2 (rev)-deg., S1-TYG NYG NSA NTT MTT VAT SAY-3'; B 

(for)-yeast combo, 5'-MRA RAA GWT GGT MTY YYT CAR GG-3'; B (rev)-yeast combo, 

5- NSW NCC YTG NGG DAT NCC-3'; and T (for)-yeast combo, 5'-RWC STT TYT TYT 

AYD KCA CBG A-3'. IUB group codes, seen above, to identify degenerate sequences are 

as follows: R= A+G, Y= C+T, M= A+C, K= G+T, S= G+C, W= A+T, H= A+T+C, B= 

G+T+C, D= G+A+T, V= G+A+C, and N= A+G+C+T.

The first round of PCR was performed in a Perkin Elmer DNA thermal cycler 480 

using 50|il reactions containing the following: 2\igArabidopsis genomic DNA, I unit of taq 

polymerase (Promega), 0.1 mM dNTPs, 250 pM of each primer and buffer C (provided by 

the manufacturer) with [Mg"1""1"] at 1.5mM. A 5 minute denaturation step at 94° was followed 

by 30 cycles o f 94°C for I minute, 50°C for 2 minutes, and 72°C for I 1/2 minutes. The 

appropriate number of cycles was determined experimentally by quantitating the amount of 

PCR product in a cycle-dependent manner, comparing product yield after 21 ,23 ,25 ,27 ,29 , 

31,33, and 35 cycles. Primer sets used, in separate attempts to identify the TERT gene, for 

the first round of PCR were: Arab C l (rev)-exact and T (for)-yeast combo, Arab C l (rev)- 

exact alone, T (for)-yeast combo alone, Arab C l (rev)-deg. and T (for)-yeast combo, and 

Arab C l (rev)-deg. The approximately 1600 bp band, produced by Arab C l (rev)-exact 

primer alone, was gel purified. The band was cut from the gel, purified by the pulp-spin
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method (spin DNA through eppendorf tube containing paper pulp in TE buffer for 10 minutes 

at 14 K and collect supernatant), ethanol precipitated and resuspended in 20 /A of water. The 

gel purified DNA (Iyd) was electrophoresed on a \%  agarose gel for quantitation and to 

determine purity, and was then used as template in the second round of PCR.

The second round o f PCR, nested PCR, used 0.5ng of the -1600 bp Arab C l (rev) 

alone fragment as template. All other PCR conditions were kept the same as first round PCR. 

Nested primers sets used in the nested PCR reactions were as follows: Arab C l (rev)-exact 

and T (for)-yeast combo, Arab C l (rev)-exact alone, T (for)-yeast combo alone, Arab C2 

(rev)-exact and T (for)-yeast combo, Arab C2 (rev)-exact alone, Arab C2 (rev)-deg. and T 

(for)-yeast combo, Arab C2 (rev)-deg. alone, Arab C2 (rev)-exact and B (for)- yeast.combo, 

B (for)-yeast combo alone, B (rev)-yeast combo and T (for)-yeast combo, and B (rev)-yeast 

combo alone. From these primer sets, various PCR product sizes were separated on a 1.5% 

agarose gel stained with 0.5ytg/ml ethidium bromide and visualized under UV254. Resulting 

bands o f the correct size, estimated from the size o f other telomerases, were seen for Arab 

C2 (rev)-exact and T (for)-yeast combo (1002 bp), Arab C2 (rev)-exact and B (for)-yeast 

combo (153 bp), and B (rev)-yeast combo and T (for)-yeast combo (849 bp) (Figure 1-3). 

The bands were cloned into the pGem-T cloning vector using the pGem-T Vector System II 

(Promega), as per the manufacturers directions, and sequenced. Each PCR product (2/A) was 

ligated into the pGem-T vector and transformed into E. coli JM l 09 competent cells 

(Promega). The clones were screened for plasmids with inserts of the desired size and the 

plasmids containing correct sized inserts were used directly in sequencing reactions.
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Sequencing o f Clones

Sequencing reactions were set up for the ABI PRISM 377 as described by the ABI 

PRISM Dye Terminator Cycle Sequencing Ready Reaction Kit (Perkin Elmer). For each 

20/A reaction, 0.2/ig o f DNA, 3.2pmole primer, and 4/d of BIGDYE mix (A-Dye Terminator, 

C-Dye Terminator, G-Dye Terminator, T-Dye, Terminator, dITP, dATP, dCTP, dTTP, Tris- 

HCl (pH 9.0), MgCl2 thermal stable pyrophosphatase, and AmpliTaq DNA Polymerase) were 

mixed and placed in the GeneAmp PCR system 9600. Thermal cycling was as follows: 96 °C 

for 15 seconds, 50°C for 10 seconds, and 60°C for 4 minutes. This cycle was repeated 25 

times and PCR products were precipitated with 75% isopropanol and pellets were washed 

with 70% ethanol. The resulting pellet was dried and sequenced by the Montana State 

University center for sequencing.

The clones were sequenced using universal primers SP6 ( 5'-ATT TAG GTG ACA 

CTA TAG-3') and T7 (5'-TAA TAC GAC TCA CTA TAG GG-3'). Internal primers were 

constructed to verify the sequence in both directions. The primers were exact sequences 

taken from SP6 and T7 sequencing results and included: ArabNB I (rev) 5'- TAT CCA AAC 

CAT TAG ATC-3', ArabNCl (rev) S'-CAA AGT CCT CTC GAG ATG-3', ArabNTl (for) 

5'-TGG GAA AGA TTA ATA AGC-3', and ArabNT2 (for) 5'-GAA CCA GAT GTT CTT 

GG-3'.

Database Identification of Putative Orvza sativa IRicel TERT

A segment of DNA containing a potential Oryza sativa TERT was identified by 

searching the Arabidopsis thaliana database (Stanford University Home Page) via the
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“TBLASTN” algorithm. The search utilized a 28 amino acid segment o f the Arabidopsis 

thaliana TERT protein sequence in the region identified as the “C m otif’ as query against the 

higher plant sequence database with the expect parameter set at 100. The second match, with 

a match score o f 74, was accession number AQ510589 from the Oryza sativa sequencing 

project at Clemson University. AQ510589 was a 531 base pair genomic fragment. Sequence 

alignment o f this deduced polypeptide sequence to the TERT protein sequence of 

Arabidopsis thaliana identified multiple regions of sequence similarity, including the 

canonical reverse transcriptase motifs C, D, and E.

Collection o f Orvza sativa CRicei DNA

Clemson University provided the Oryza sativa Rice BAC clone, in the pBeloBACII 

vector, (catalog # nbxb0095N19f) as a stab culture in E. Coli strain D H lOB. One liter of 

culture was grown in LB (Lennox L Broth Base) at 3 7 ° C with overnight shaking. Cells were 

harvested and DNA extracted via the Wizard Plus Maxipreps DNA purification system 

(Promega) using the vacuum filtration protocol, according to the manufacturers directions. 

Recovered DNA was resuspended in 0.75ml TE buffer and the final yield was 20/ig of D N A .. 

DNA yield was determined by running a I % agarose gel with 0.5 //g/ml ethidium bromide and 

visualizing DNA concentration by ultraviolet light. The fragment was sequenced using 

universal SP6 and T7 primers to ensure the correct sequence. Cultures were prepared for 

long term storage by: I) directly storing recovered DNA from the above purification a t-70 °C 

and 2) preparing a glycerol stab containing culture in LB and 8% glycerol and storing

a t -70°C.
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Oryza sativa (California ecotype) genomic DNA, l/Ug/^l, was obtained from M. 

Giroux, Montana State University. Concentration and quality of the DNA was checked on 

a 1% agarose gel.

Confirmation of Orvza sativa ('Rice') TERT Fragment Sequence

The BAC genomic fragment, nbxb0095N19f (GenBank accession AQ510589), 

containing the Rice TERT was amplified by PCR and sequenced to verify the sequence 

obtained from the database. The purified DNA, from Wizard Plus Maxipreps DNA 

purification system (described above), was used as template in a PCR reaction utilizing two 

end primers, made from the database sequence. One internal primer, to amplify just the 270- 

bp TERT fragment, was also made. Primers used for PCR were: Rice EP-2 (for) S1-CCT 

GAA TAT TTG TTA ATG AGG-3, Rice EP-3 (rev) S1-GGA AAC ACA TCG TCC AAG 

TCA AT-31, and Rice ER-I (rev) S1-GTC ATA CCT CGT ATA ATC AGC-31. Internal 

primer Rice ER-1 (rev) and primer EP-2 (for) amplified the 270 bp TERT fragment whereas 

the other 261 bp of the 531 bp fragment did not align with known TERT sequences. The 

PCR reaction, to obtain the fragment of interest from the BAC DNA, was done using 2pg 

BAC DNA, I unit o f Tfl polymerase, O.lmM dNTPs, 250pM primers, and a I .SmM 

concentration O f MgSO4 in Tfl buffer. A 5 minute denaturation step at 94°C was followed 

by 40 cycles o f 94°C for I minute, 52°C for I minute, and 68 °C for 2 minutes. The resulting 

fragments were purified using the QIAquick PCR product purification protocol (Qiagen) and 

the products were used as template in the sequencing reactions. The sequencing was done, 

as described above, using Rice EP-2 (for), Rice EP-3 (rev) and Rice ER-I (rev) as primers.
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Intron Prediction o f the Rice BAC Sequence

The program NetGene2 at the Center for Biological Sequence Analysis (Hebsgaard, 

1996) was used to predict possible introns in the 531 bp rice fragment. Ambidopsis thaliana 

was chosen as organism of interest and submission of the rice nucleotide sequence was via 

FASTA format.

cDNA Library Screening for Orvza sativa IRicet TERT

The Rice S'-STRETCH cDNA Library was purchased (Clontech) and contained Agtl I . 

as the cloning vector and E. coli Y l 090- as the host strain. The library was screened using 

two distinct methods, PCR and nucleotide hybridization.

Host cells, for PCR screening of the library, were prepared by adding O.lg maltose 

and IM  MgSO4 to 50 ml o f LB. The culture was shaken overnight at 37° or until a turbid 

suspension was achieved. After preparation o f the host cells, by centrifuging down cells and 

resuspending them in 25ml IOmM MgSO4, the library was titered to determine the phage 

particle concentration. A series of dilutions were set up in SM buffer (5.Sg NaCl, 2.Og 

MgSO4-TH2O, IM Tris pH 7.5,2% gelatin, per liter of water) to make 10-fold serial dilutions 

ranging from 10 to I O6 fold diluted. Each dilution (10/d.) was added to 200/d host cells and 

incubated at 37 °C for 15 minutes. After incubation, 3 ml of top agarose (0.75% agarose in 

NZCYM media (Life Technologies)) was added to each sample and poured onto NZCYM 

plates. The plates were incubated overnight at 37 °C and the resulting plaques were counted 

to obtain titer. The titer was determined using the following equation: pfu (plaque forming 

units)/ml = #plaques//d used • dilution factor • 1000/d/ml. .
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Screening o f the library by PCR consisted o f multiple rounds o f plate dilutions and 

PCR to screen for the correct insert size. The two primers used in the screening were: Rice 

ER-I (rev) and Rice EP-2 (for) (see above for sequences). To begin, 103pfu//il 

(103pfu/l 00mm) plates were made as described above in the titering protocol. After plaque 

formation, 2 ml SM buffer was added to each plate and placed at 4 °C overnight. The SM 

buffer was removed, and a drop o f chloroform was added to inhibit bacterial growth. For 

each PCR reaction, 2//1 of template (phage suspended in SM buffer) was added (after heating 

at IOO0C to denature phage protein coat), 250/dVl primers, O.lmM dNTPs, I unit o f Tfl 

polymerase, and 1.5mM concentration OfMgSO4 and Tfl buffer. PCR conditions included 

a 2 minute denaturation step at 94°C followed by 40 cycles of 94°for I minute, 55 °C for I 

minute, and 68 °C for 2 minutes. The sample showing the correct sized band, as determined 

by the previously sequenced BAC clone, was used as template to make the second dilution 

series on NZCYM plates.

Phylogenetic Analyses and Sequence Alignments o f Known TERTs

A multiple sequence alignment was prepared using the deduced polypeptide sequence 

o f Arabidopsis and known TERT polypeptides. The multiple, sequence alignment o f all 

TERT polypeptides was constructed using ClustalW (v. 1.74) (Higgins, 1991) with gap 

openings and extension penalties set at 30 and all other parameters set at default. The 

Blossum series o f similarity matrices was chosen. The resulting alignment was obtained and 

minor adjustments were made by hand. GenBank accession numbers for sequences used in 

the alignment were: human, AF015950; mouse, AF051911; O. trifallax, AF060230; E.
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aediculatus, U95964; T thermophila, AF062652; S. pombe, AF015783; S. cerevisiae, 

U20618; C  albicans, AF216871; hamster, AF149012; and A  thaliana, AFl 72097.

The ClustalW TERT alignment was then analyzed using Dayhoff PAM distance 

. matrix and Neighbor Joining in the PHYLIP (v. 3.5) package (Felsenstein, 1989). 1000 

Bootstrap value replicates were performed using the SeqBootprogram and the resulting data 

was fed into TreeView (v. 1.5) for the phylogenetic tree output (Page, 1996).

Phylogenetic Analysis of the Identified TERTs including Orvza saliva putative TERT

As a full length CkTERT gene was not obtained, only the 270 bp segment pulled from 

the higher plant database was used in comparison against the corresponding fragments of ten 

existing TERT genes. A multiple alignment and phylogenetic analysis o f the 270 bp TERT 

fragments (including rice) were performed as described above for the Arabidopsis analysis.
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Results and Discussion

Identification of Arabidopsis thaliana TERT Gene

The primary goal o f this study was to identify plant TERT genes. The GenBank 

Arabidopsis thaliana database was searched (via the BLAST algorithm) using a 76 amino 

acid fragment o f the known human TERT protein as the query sequence. From this BLAST 

output, a putative A. thaliana TERT coding sequence was identified (GenBank # B27802). 

The 625 bp genomic sequence encoded an amino acid sequence with 57% similarity to the 

region o f hTERT containing motifs C, D and E.

Exact primers were made using sequence information from the 625 bp putative TERT 

gene fragment, and degenerate primers made using sequence information from previously 

cloned TERT genes (S. cerevisiae, S. pombe, T. thermophila and 0. trifallax). Various 

combinations of the exact and degenerate primers were used in a PCR reaction utilizing A. 

thaliana genomic DNA as the template. These PCR products, as well as control reactions 

(containing either water as template or one primer alone), were electrophoresed on an agarose 

gel. No bands o f the expected size, as estimated by known TERT sequences, were visible by 

ethidium bromide staining. Interestingly, one control sample, amplified with the Arab C l 

(rev)-exact primer alone (see materials and methods), resulted in strong amplification of an 

approximately 1600 bp DNA fragment (Figure I -SB). We assumed that the primer bound a 

cryptic C-Iike binding site upstream of the known motif C, and this sample was subsequently 

used as template in a set of nested PCR reactions. These PCR reactions, using the Arab Cl



20

—  C2/T

-  B/T  
  B/C2

' G enbank B27802

,5' I T T I 2 A B C D E 3' UTR

B.

b
b

TJ

I  | u
^  & O O

U
-O

&-a

8

Q  H  3  M H

M M O ?  M = S ^ e
S h U

“ I

^ p q I
2  M g

I u h u h ^ h u z h u z h m z c q m Z hh

1500 bp 
1000 bp

500 bp

Figure 1-3. PCR Amplification oiArabidopsis thaliana Genomic DNA using Exact and 
Degenerate Prim ers. A. Schematic of telomere gene with PCR products shown as black 
bars. GenBank B27802 indicates fragment retrieved from GenBank database. B. Agarose 
gel showing PCR products produced by each primer set (as discussed in Materials and 
Methods). Arabidopsis TERT products of the expected size are seen in lanes T to C2, T to 
B (indicated by arrow) and B to C2.
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(rev)-exact 1600 bp fragment as template, were set up using different primer sets and similar 

controls as seen in the first round of PCR. PCR products were resolved on an agarose gel. 

The gel (Figure 1-3B) shows bands o f the correct size (as estimated by known TERT 

sequences) for three reactions: T (for)-yeast combo to Arab C2 (rev)-exact, T (for)-yeast 

combo to B (rev)-yeast combo, and B (for)-yeast combo to Arab C2 (rev)-exact.

Sequencing of the three DNA fragments gave us additional segments o f the 

Arabidopsis gene, spanning the gene from motif T to motif C (Figure I -3A). Since the 

telomerase-specific motif T was now identified, we were confident that the gene fragment we 

had obtained was indeed telomerase, rather than another member o f the RT gene family.

Sequencing both strands from the DNA fragments obtained by PCR gave us an 876 

bp fragment o f the A. thaliana TERT gene (Figure 1-4). The fragment contained the 

previously described RT motifs I, 2, and A-C as well as the telomerase-specific motif T. 

Soon after these data were obtained, the entire Arabidopsis 'thaliana TERT (designated 

AiTERT) gene was published (Oguchi, 1999). The sequence o f the full AtTERT gene, 

corresponding to the TERT fragment we identified, was identical with no variation at either 

the amino acid or nucleotide level. The Arabidopsis TERT gene was found to be 3372 bp, 

with eleven infrons, encoding an 1124 amino acid polypeptide. The calculated molecular 

mass was determined to be 131 kDa, similar to previously described TERTs which range from 

103 to 133 kDA, and the calculated isoelectric point was pH 9.9. Previously described TERT 

isoelectric points ranged from 9.5 to 11.3 (Oguchi, 1999).

It is noteworthy, that a fragment was detected when using the T (for)-yeast combo 

primer alone (Figure I -3B). We chose not to follow up on this fragment as even if it had been
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M OTIF T
R L N I Y Y Y R K R S W E R L I S K

GACGGCTAAATATTTATTATTACCGGAAAAGGAGCTGGGAAAGATTAATAAGCAAAG

E I S K A L D  G Y V L V D D A E A  E___S
AAATTAGCAAAGCCCTTGATGGATATGTCCTAGTAGACGATGCTGAAGCTGAAAGTA

M O T IF I
S R K K L S K F R E L P K  A N G  V R M  
GCAGGAAGAAGCTATCAAAGTTTAGATTTTTACCAAAGGCCAATGGTGTGAGGATGG

M O T IF 2
V L D F S S S S R S O S L  R D T H A V L  
TGTTAGACTTTAGTTCTTCGTCAAGGTCGCAATCTCTTCGTGATACACATGCTGTTTT

K D I Q L K E P D V L G S S V F D H D
GAAGGACATCCAGCTCAAAGAACCAGATGTTCTTGGGTCTTCTGTCTTTGACCATGAT

D F Y R N L C P Y L I H L R S Q S G E
GATTTCTACAGAAACCTATGCCCATATCTGATCCATTTAAGAAGTCAATCTGGAGAAC

M O T IF A
L P P L Y F V V A D V F K A F D S V D O  
TTCCTCCTTTGTACTTTGTGGTTGCGGATGTATTCAAAGCATTTGATTCAGTCGACCA

G K L L H V I O S F L K  D E Y I L N R C  
GGGTAAGCTGCTTCATGTCATTCAAAGTTTTCTGAAAGATGAATACATCTTAAACAGA

R L V C C G K R S N W V N K I L V S S
TGTAGGCTGGTCTGCTGTGGGAAGAGATCCAATTGGGTAAACAAAATACTAGTCTCGA

D K N S N F S R F T S T V P Y N A L Q
GTGACAAAAATTCTAACTTTTCAAGATTCACATCAACTGTTCCATATAATGCACTGCA

S I V V D K G E N H R V R K K D L M V
AAGTATCGTGGTTGATAAGGGAGAAAACCATCGAGTGAGGAAAAAGGATCTAATGG

W I G N M L K N N M L Q L D K  S F Y V  
TTTGGATAGGAAATATGCTAAAGAACAACATGCTGCAGTTGGATAAAAGCTTCTATG
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M O T IF B
O I A G I  P O G H R L S S L L C C F Y  

TACAAATAGCTGGAATACCTCAGGGACACAGATTATCATCCTTGTTATGTTGTTTTTA

Y G H L E R T L I Y P F L E E A  S K D  
CTACGGGCATCTCGAGAGGACTTTGATCTACCCATTCCTCGAAGAAGCCTCTAAAGA

V S S K E C S R E E E L I I P T S  Y___K
TGTGTCTTCTAAAGAATGCAGTAGAGAGGAAGAGCTTATAATTCCCACGAGCTATAA

M O T IF C
L L R F I

GTTACTGAGATTTATT

Figure 1-4. Genomic Arabidopsis thaliana TERT Fragment. 876 bp fragment resulting 
from PCR amplified products. Motifs are underlined and labeled (T, 1 ,2  and A-C).

part of the TERT fragment it would have given us sequence information downstream of motif 

T, sequence information we had obtained already.

Structural Characterization of ̂ ffE R T

A multiple alignment of the amino acid sequences of conserved motifs was done for 

all known TERTs, including v4/TERT. In previously published papers (reviewed in Bryan, 

1999), multiple sequence alignments of TERTs included only eight conserved motifs: T, I, 

2, and A-E, representing only 226 amino acids of the full gene which ranges from 867 

(C. albicans) Xo 1126 (human) amino acids. In our multiple sequence alignment, however, we 

aligned the entire TERT polypeptides, resulting in 15 highly conserved regions (representing 

466 amino acids), TELl-5, T, I, 2 and A-G. The multiple sequence alignment of all 15 

conserved regions is seen in Figure 1-5. Here, only the motifs are shown (denoted by black 

underbars), rather than the entire sequence (Appendix A), including the eight previously
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Figure 1-5. Multiple Sequence Alignment of Motifs of Nine Full-length Telomerase
RTs Motifs are denoted by black underbars. Black boxes represent an amino acid conserved 
in at least five or more proteins and the grey boxes represent similar amino acids in at least 
five proteins. Species abbreviations are as follows: ham., hamster; m., mouse; h., human; Ea., 
Euplotes aediculatus\ Ot., Oxytricha trifallax', Tt., Tetrahymena thermophila; At., 
Arabidopsis thaliana; Sp., Schizosaccharomycespombe; Sc., Saccharomyces cerevisiae; and 
Ca., Candida albicans. Regions showing hypomutability (Friedman, 1999) are indicated by: 
I(------- ), II (.......... •), III ( ------- ), and IV ( ). The non-essential region, y, is indicated
Dy H t i i t M H iii e

described motifs T, 1,2, and A-E and seven o f our newly described motifs, TELI-5, F and

G. Black boxes represent amino acids conserved in at least five or more proteins whereas the

grey boxes represent similar amino acids in at least five proteins. O f the newly described 

motifs, five were found to be upstream of the telomerase-specific motif T, TEL1-TEL5, and

m "d* m Oi ,—I
i-^ i—I Hl t-3
H  H  H  pq M -
E-i E-i E-I E-I Bh E"1 tH CN <C PQ CJ Q  pq En O

N H 2

Figure 1-6. 15 Sequence Motifs Identified in Known TERT Proteins. Reverse
transcriptase ( 1,2 and A-E) and telomerase-specific (T) motifs identified in all TERT deduced 
polypeptides with the addition of seven new motifs described here (TELI-5, F and G).
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two were found downstream of the motif E, motifs F and G (Figure 1-6). No conserved 

motifs were located at the far N-terminus (Appendix A).

Since multiple sequence alignments can be somewhat subjective, we compared our 

motif alignment with results from mutation studies done on the N-terminal domain of Yeast 

TERT (Friedman, 1999). Unigenic mutation studies work under the assumption that 

analyzing distribution of mutations within complementing alleles o f a gene could distinguish 

between essential and non-essential regions o f the encoded protein. Non-essential protein 

regions are assumed to tolerate mutations well, while essential regions are predicted to 

contain few or no amino acid substitutions (Friedman, 1999). A total o f 33 mutations were 

made between the N-terminal and the conserved telomerase specific m otif T (Friedman, 

1999). Friedman’s results showed that there were four regions of hypomutability, meaning 

essential regions for Sc_Est2p function (S. cerevisiae TERT), and three non-essential regions. 

Motifs TEL5 and TEL4 were included in region I of the hypomutable regions, motifs TEL3 

and TEL2 were included in region II, a fragment of TELl and a fragment of the conserved 

motif T were included in region III, and the rest of motif T was included in hypomutable 

region IV (Figure 1-5). We did, however, include one non-essential region in our alignment, 

a twelve amino acid block at the beginning o f the TELl motif, corresponding to the y non- 

essential region. O f the 12 amino acids in this region, however, mutations were only made 

on five of the 12 residues (Friedman, 1999), none of which were the highly conserved amino 

acids (H, L, S, P, R or V) as seen in our alignment. Overall, the point mutation study 

identified four essential regions, all of which corresponded to the five highly conserved N- 

terminal regions identified by our alignment, which showed amino acid sequence conservation
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in all four o f the hypomutable regions. Thus, this work supports our hypothesis that the 

newly identified and highly conserved motifs TELI -TEL5 most likely have been evolutionary 

conserved, and thus have functional importance.

The sequence alignments from all 15 highly conserved domains were subsequently 

used to determine amino acid sequence similarity/identity between TERTs and to construct 

a possible phylogenetic tree (Table 1-1 and Figure 1-7). As ^fTERT was the first plant 

telomerase to be identified, it was important to determine its relationship to other known 

TERTs. The motifs of A. thaliana show greater sequence identity and similarity to those of 

human, mouse and hamster than they do to those o f TERTs from yeast or ciliates (Table 1-1). 

Similarly, A. thaliana clusters closely with human, mouse and hamster in the phylogenetic tree 

(Figure 1-7). The tree contains three main clusters o f TERT proteins, corresponding to those 

o f yeast (S. cerevisiae, C. albicans and S. pombe), ciliates (T. thermophila, 0. trifallax and 

E. aediculatus) and higher eukaryotes (human, mouse, hamster and A. thaliana). The 

bootstrap values, indicated at each node, indicate the percentage of 1000 bootstrap replicates 

that would place that branch in that particular position on the tree. As each value is close to 

100 (between 90-100) within clusters, we have high confidence that this is a valid 

phylogenetic tree. Overall, the identification of A TERT reinforces the conclusion that the 

TERT catalytic subunit is a phylogenetically conserved component of telomerase throughout 

evolution. The high level of conservation, between TERTs from distinct organisms, suggests 

strong conservation over time. Telomerase, without doubt, has been maintained over time 

and is of evolutionary significance.



Table 1-1. Amino Acid Sequence Homology for 466 Positions Among the Nine Known TERT Proteins

I d e n t i ty  ( S im i la r i t y )  A. thaliana 0. trifall. T thermo. E. aedicul. mouse human hamster S. pombe S. cerevisiae

C. albicans 19(45) 18(45) 19(49) 21(46) 24(53) 24(49) 24(54) 23(48) 29(57)

S. cerevisiae 21(49) 21(53) 19(48) 21(50) 25(55) 25(53) 25(55) 24(51)

S. pombe 24(48) 24(51) 23(49) 23(49) 29(54) 27(52) 28(55)

hamster 32(58) 22(53) 24(53) 22(49) 85(94) 76(91)

human 32(60) 23(51) 23(52) 23(48) 72(87)

mouse 34(60) 22(53) 25(54) 22(49)
K>

E. aediculatus 23(46) 54(75) 32(62)

T. thermophila 25(52) 34(63)

O. trifallax 23(49)
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S. pombe

T. thermophila 

E. aediculatus 

0. trifallax

A. thaliana 

Human 

Mouse 

Hamster

S. cerevisiae 

C. albicans

Figure 1-7. Phylogenetic Tree of All Known TERTs. TERTs were aligned at 466 
positions, including previously described conserved motifs T, 1,2 and A-E (Nakamura, 1997) 
and motifs TE L l-5, F and G (as described in this thesis). The number at each node indicates 
the percentage of 1000 bootstrap replicates for statistical support.

The finding that plant telomerases cluster with those of mammals is interesting for two 

reasons. First of all, previous phylogenetic analysis studies, on the divergence times of 

biological organisms such as plants, fungi, animals, protists and bacteria, suggest contrasting 

information to ours. To date, the most widely accepted phylogenetic analyses (comparing 

protein sequences) indicates that animals and fungi group together, excluding plants to a 

different branch. This suggests that animals and fungi are sister groups while plants constitute 

an independent evolutionary lineage (Baldauf, 1993 and Doolittle, 1996). Our data, however,
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fail to show these same results. Rather, phylogenetic analysis o f TERT proteins group 

animals and plants together, with fungi more distantly related. It is possible that previous 

sequence analysis studies have falsely grouped fungi and animals together, excluding plants, 

or that plant and animal TERT genes have for some reason evolved in parallel.

Secondly, our results indicate that plants may be a useful model system in which to 

study the role o f telomerase and to address fundamental questions concerning telomere 

function in higher eukaryotes. The high similarity between the plant and mammalian TERT 

proteins, and the advantages of using plant system over a mammalian system, make this a 

strong possiblity. Plants have many advantages over mammalian systems. For example, 

plants have significantly shorter telomeres than mice, making changes in telomere maintenance 

easily detectable as large changes in a short sequence (Fitzgerald, 1999). Also, certain plants, 

such as Arabidopsis, have benefits such as a short generation time (6 weeks), the ability to 

be grown in a test tube, and a small genome that has almost been completely sequenced.

Identification o f Orvza sativa CRicef Putative TERT Gene

After identification of AtTERT, we set out to identify additional plant TERT genes. 

Using a 28 amino acid segment o f the Arabidopsis thaliatia TERT protein sequence as query, 

we searched the “higher plant” database (Stanford University, Arabidopsis thaliana 

sequencing project, Home Page) via the “TBLASTN” algorithm. The search detected 

various potential TERT sequences, including a 531 bp fragment (GenBank #AQ510589), 270 

bp of which were determined by re-sequencing to be a putative rice TERT gene (Figure 1-8) 

with the canonical reverse transcriptase motifs C, D and E. The 270 bp rice fragment was
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MOTIF C
L M R F I D D F I F I S F S L E H A  Q 

TTAATGAGGTTCATTGATGATTTCATATTTATCTCTTTCTCACTGGAGCATGCTCAA

M OTIF D
K F L N R M R R G F V F Y N C Y M N D

AAATTCCTCAATAGGATGAGAAGAGGTTTTGTGTTCTACAATTGCTACATGAACGACA

S K Y G F N F C A G N S E P S S N R L Y  
GCAAATATGGCTTTAATTTCTGTGCTGGAAATAGTGAGCCTTCCTCTAATAGACTCTA

M OTIF E
R G D D G  V S F M P W S G L L I N  C E 

CAGGGGTGATGATGGAGTCTCATTCATGCCATGGAGTGGTTTGCTAATAAATTGTGAA

T L E I Q A D Y T R Y D C
ACTTTGGAAATTCAAGCTGATTATACGAGGTATGACTGTT

Figure 1-8. Genomic Oryza sativa (Rice) TERT Fragment. 270 bp fragment retrieved 
from XheArabidopsis thaliana “higher plant” database. Motifs are underlined and labeled (C, 
D and E).

aligned with the corresponding region o f /IfTERT and determined to be 53% identical.

To identify the entire rice TERT gene, the 270 bp fragment was used as a probe to 

screen a rice cDNA library. The library was screened, both via hybridization and via PCR, 

but all attempts to obtain a TERT clone were unsuccessful. We hypothesized that screening 

the library may have been unsuccessful as a result o f either using a probe that was too short 

to detect the telomerase gene under the hybridization conditions used or, alternatively, the 

telomerase RNA was present in low amounts when the library was constructed and thus only 

a very small percentage o f the cDNA are telomerase. The next step, identifying the entire 

TERT gene, may include making additional attempts at screening the cDNA library via
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different hybridization conditions, screening the cDNA library using antibodies made to a rice 

TERT peptide, or testing different primer sets that may be successful in rice TERT detection.

Structural Characterization o f the Putative Orvza sativa TERT Gene

Without the full length gene, we were unable to include the rice TERT protein in the 

multiple sequence alignment as seen for Arabidopsis (Figure 1-5). However, we did attempt
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Figure 1-9. Multiple Sequence Alignment of Motifs of Ten TERT Fragments (270 
Amino Acid Residues) Including Oryza sativa (Rice). Motifs are denoted by black 
underbars. Black boxes represent an amino acid conserved in at least five o f more proteins 
and grey boxes represent similar amino acids in at least five proteins. Species abbreviations 
are as follow: ham., hamster; m., mouse; h., human; At., Arabidopsis thaliana; Os., Oryza 
sativa', Ea., Euplotes aediculatus; Ot., Oxytricha trifallax; Tt., Tetrahymena thermophila', 
Sp., Saccharomyces pombe; Sc., Schizosaccharomyces cerevisiae', and Ca., Candida 
albicans.
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a modified alignment, aligning 270 amino acids o f all known TERTs to the 270 amino acid 

deduced rice polypeptide sequence. This information, we felt, would support previous data 

clustQnngArabidopsis thaliana TERT with mammalian TERTs rather than to yeast or ciliate 

TERT proteins.

The modified, 270 amino acid multiple sequence alignment (Figure 1-9) includes all 

eleven known TERT proteins. As with the Arabidopsis motif alignment, the three previously 

defined motifs (C, D and E) are denoted by black underbars and, similarly, black boxes signify 

a conserved amino acid in five or more proteins whereas the grey boxes represent similar 

amino acids in at least five proteins.

The multiple sequence alignment was then subject to phylogenetic analysis (Figure I - 

10). The resulting tree, unlike the one obtained fox Arabidopsis (Figure 1-7), consisted of 

four clusterings: yeast (S. pombe, C. albicans and S. cerevisiae), ciliates (T. thermophila, 0. 

trifallax and E. aediculatus), plants (A. thaliana and 0. sativd) and mammals (mouse, 

hamster and human), with the plant cluster most closely related to the mammalian cluster (as 

seen previously). The reason the higher eukaryotes separate into two groups after the 

addition o f rice TERT (AsTERT) is that the addition of each new sequence increases the 

similarity among one group, and simultaneously makes divergence more apparent against 

other groups. Bootstrap values range between 70 and 100 (with the exception o f the S. 

pombe branch) thus lending statistical support to the alignment and phylogenetic tree. Recent 

findings show that under a wide range of conditions, groups supported by bootstrap values 

above 70% have a >95% probability of representing true clades (Baldauf, 1993). The 

accumulation o f additional plant sequences (including the full length AsTERT protein) will
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no doubt strengthen support of the plant cluster. More important than looking within a 

cluster, is comparison between clusters. This new data supports the finding, previously 

discussed, that the motifs o f plant TERTs show a greater sequence similarity to human, 

mouse and hamster than they do to TERTs from yeast or ciliates. This data also suggests 

important evolutionary relations among species. As the plant motifs are most similar to 

mammalian motifs, it is a logical step to focus on plants as a model system both to determine 

specific roles of telomerase in growth and development and to answer fundamental questions 

concerning telomere and telomerase function in higher eukaryotes.

86

98

88

Human 
S. pombe 

C albicans

S. cerevisiae
T. thermophila

10i)— q  trifallax

E. aediculatus
—  A. thaliana
A O O n  .—  0. saliva

Mouse
Hamster

Figure 1-10. Phylogenetic Tree of Known TERT Fragments and Oryza sativa 
Fragment. TERTs were aligned at 270 positions, including previously described motifs C, 
D and E (Nakamura, 1997). The number at each node indicates the percentage of 1000 
bootstrap replicates for statistical support.
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In addition to studying evolutionary relations among species, the discovery of plant 

TERT genes also makes possible avenues o f research, aimed at understanding the effects of 

structure and function o f TERT on plant life cycles. Potential future studies may include, for 

example, examining implications for plant cell proliferative capacity by either up-regulating 

or down-regulating telomerase expression. Down-regulating telomerase expression may be 

a successful preventative measure against the growth of weeds (inhibiting root or flower 

growth) or up-regulating telomerase expression may result in increased productivity (an 

increased telomerase activity leading to a larger endosperm and thus improved grain yield 

over time). The importance o f plants as staple foods to world economics and potential of 

telomerase research make investigating plant telomerases a promising field of research.
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IDENTIFICATION OF RIBULOSEBISPHOSPHATE 
CARBOXYLASE/OXYGENASE ACTIVASE IN WHEAT

Introduction

Plants and cyanobacteria have evolved a mechanism of utilizing light energy to reduce 

CO2 and H2O to produce carbohydrates and O2. This process, known as photosynthesis, 

produces the carbohydrates that serve as the energy source for not only the plant itself, but 

also for organisms that directly or indirectly consume photosynthetic life. CO2 fixation, an 

essential step in photosynthesis, involves a conversion of the enzyme Ribulose-bisphosphate 

carboxylase/oxygenase (Rubisco) to an activated state for catalytic competency. The 

activation process has been shown to involve CO2, Mg2+ and Rubisco activase. For general 

interest, the role o f Rubisco in photosynthesis and photorespiration is discussed in greater 

detail in the sections that follow. However, background information most relevant to this 

thesis is discussed in the later sections on regulation of Rubisco by Rubisco activase.

Photosynthesis

Photosynthesis, in plants, takes place in the chloroplast. There are approximately I 

to 1000 chloroplasts per cell (Voet, 1995) and about half a million chloroplasts per square 

millimeter o f leaf surface (Campbell,1993). Chloroplasts typically are ellipsoid in shape, 

~5Jum in length and are mainly found in cells o f the mesdphyll. They are known to have a 

highly permeable outer membrane and an impermeable inner membrane, known to enclose the 

stroma and various solutions (of enzymes, DNA, RNA and ribosomes), all of which are
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involved in the synthesis o f chloroplast proteins. A third compartment, the thylokoid, is 

surrounded by the stroma and consists o f stacks o f disklike sacs called grana. The grana, in 

turn, are interconnected by Unstacked stroma lamellae. The thylakoid membrane, arising from 

invaginations in the inner membrane of developing chloroplasts, contains distinct lipids to give 

the thylakoid membrane fluidity (Voet, 1995 and Campbell, 1993).

Photosynthesis occurs in two phases in plants. The first phase o f photosynthesis, or 

the light reaction, occurs in the thylakoids and uses light energy to generate chemical energy 

(N ADPH and ATP). Specifically, the light reaction utilizes 2H20  and light energy to produce 

2 0  and 4H. The resulting 4H is then used in the dark reaction. The dark reaction, occuring 

in the stroma, uses the NADPH and ATP (4H) from the light reaction to drive the synthesis 

o f carbohydrates. The dark reaction includes: 4H and CO2 reducing to CH2O and H2O (V oet, 

1995 and Cambpell, 1993).

The principal photoreceptor in the light reaction of photosynthesis is chlorophyll. 

Chlorophyll molecules act as antennas to collect light and then pass the energy (via electron 

transfer) to a photosynthetic reaction center. The photosynthetic reaction centers, or light­

harvesting complexes, consist of arrays of membrane-bound proteins, each containing several 

pigment molecules, including chlorophyll and accessory pigments (Voet, 1995). In plants, 

the light reaction occurs in two reaction centers, Photosystem I (PSI) and Photosystem II 

(PSII). PSI and PSII are connected in a series, thus enabling the system to generate enough 

force to form NADPH by oxidizing H2O in a noncyclic pathway. PSII contains an MN 

(Manganese-containing oxygen-evolving) complex that oxidizes two H2Os to four H+ and O2. 

The electrons are passed individually through a carrier to P680, the reaction center’s photon-
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absorbing species. Once ejected from P680, the electron passes to a pool of plastoquinone 

molecules, and then enters the cytochrome b j  complex, which transports the electrons 

directly to the photon-absorbing pigment, P700, of PSI. Once released from P700, the 

electron migrates through a chain of chlorophyll and ferredoxin molecules and then is either 

returned cyclically to the plastoquinone pool (to translocate protons across the thylakoid 

membrane) or acts to reduce NADP+ in a noncyclic process by ferrodoxin-NADP+ reductase 

(Voet, 1995).
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Figure 2-1. Photosynthetic (Calvin Cycle) and Photorespiration Cycles. Oxygenation 
step (photorespiration): Under low CO2 conditions, O2 reacts with RuBP to form 3-PG and 
2-PG. The 2-PG is hydrolyzed to glycolate and is partially hydrolyzed to form CO2. 
Carboxylation step (photosynthesis): CO2 interacts with RuBP to form two molecules of 3- 
PG. 3-PG, in both cycles, generates sugars. Arrows indicate multiple steps, the first of which 
is catalyzed by Rubisco.
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The dark reaction, or the reaction utilizing products from the light reaction to 

synthesize carbohydrates, consists of a metabolic cycle that can take one o f two pathways. 

The substrate, in this case Ribulose-1,5-bisphosphate (RuBP), can be used in either the 

photosynthetic (carboxylation) pathway or photorespiration (oxygenation) pathway (Figure 

2-1). Rubisco is the enzyme that can take the substrate (RuBP) down either the carboxylation 

or oxygenation pathway. CO2 and O2 levels determine the pathway o f RuBP, high CO2 

leading to the carboxylation (Calvin cycle) or low CO2 (high O2) resulting in activation of the 

oxygenation pathway (photorespiration).

Structure o f Rubisco

Rubisco is found at very high levels in leaf tissues (comprising up to 50% of leaf 

proteins) and is considered the most abundant protein in the biosphere (Voet, 1995; 

Buchanan, 1973; and Horecker, 1973). It was the extremely high concentration of Rubisco 

that allowed Wildman and Bonner (Horecker, 1973) to identify Rubisco seven years before 

the discovery o f the Rubisco carboxylation reaction. It has been hypothesized (Horecker, 

1973) that the reason for the presence of such a large amount of the enzyme is compensation 

for low catalytic activity.

Rubisco from higher plants is a large enzyme (consisting o f eight large subunits, 

encoded by chloroplast DNA, and eight small subunits, encoded by a nuclear gene) with a 

molecular mass of 560,000 daltons (Buchanan, 1973). The 16 subunit enzyme has the 

symmetry o f a square prism with the catalytic site situated in the large subunit. The 

chloroplast rbcL gene encodes the 55,000-dalton large subunit, which contain two domains.
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The first domain consists o f a (3 sheet and the second domain is a folded ccp barrel enzyme, 

containing the enzyme’s active site for CO2 fixation (Voet, 1995 and Buchanan, 1973). The 

15,000-dalton small subunit is encoded by the rbcS gene and the function o f this subunit has 

yet to be determined (Buchanan, 1973).

Rubisco and the Calvin Cycle

The photosynthetic CO2 fixation pathway, or the Calvin cycle (Figure 2-1), is used by 

plants to incorporate CO2 into carbohydrates. The primary step of the Calvin cycle takes three 

molecules o f Ribulose-5-phosphate (RuSP) and produces three molecules o f Ribulose-1,5- 

bisphosphate (RuBP), with the help of ATP and phosphoribulokinase (phosphorylation 

event). The RuBP, then, is carboxylated (using three molecules of CO2 and Rubisco) to yield 

two molecules o f 3 -phosphoglycerate (3-PO). The 3-PG molecules continue on in the Calvin 

cycle to produce several photosynthetic intermediates. Sugar intermediates produced by this 

pathway include: Erythrose-4-phosphate, Sedoheptulose-1-7-bisphosphate, Sedoheptulose-7- 

phosphatate, Fructose-1,6-bisphosphate, Fructose-6-phosphate (exported from the cell as 

sucrose), Xylulose-5-phosphate, and Ribose-5-phosphate. The final step of this pathway 

consists of either an isomerase step converting Ribose-5-phosphate or an epimerase step 

converting Xylulose-5 -phosphate back to the precursor molecule of the pathway, Ru5P. The 

Ru5P, in turn, is converted to RuBP and the cycle begins again (Voet, 1995).

Rubisco and Photorespiration

At low CO2 and high O2, however, photorespiration occurs, not photosynthesis 

(Figure 2-1). In this cycle, O2 competes with CO2 as a substrate for Rubisco. The oxygenase
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activity o f photorespiration, similar to the Calvin cycle, begins with Ru5P as the initial 

substrate. Also, similar to the Calvin cycle, Ru5P undergoes phosphorylation to produce 

RuBP. It is at this step that entry into the photorespiratory cycle may occur. Rather than a 

carboxylation event, RuBP is subject to an oxygenation reaction, catalyzed by Rubisco. In 

the oxygenation reaction, O2 reacts with RuBP to form one molecule o f 3-PG and two 

molecules o f 2-phosphoglycolate (2-PG). The 3-PG (rather than two 3-PG molecules 

produced by the Calvin cycle) is the continuing substrate in sugar production whereas the 2- 

PG is concurrently hydrolyzed to form one molecule of 3-PG and CO2, both of which are 

used immediately for the regeneration o f RuBP via the Calvin cycle (Douce, 1999 and Voet, 

1995).

Photorespiration is often referred to as a “wasteful, nonessential pathway” as it 

requires great energy and overall leads to a loss o f CO2 that could potentially be fixed by 

photosynthesis (Spreitzer, 1993; and Tolbert, 1973). In a healthy plant, photosynthetic CO2 

fixation usually dominates over photorespiratory CO2 release. However, it has been 

determined that when temperatures increase, photorespiration may be especially high, 

matching or surpassing the photosynthetic rate, as the oxygenase activity o f Rubisco increases 

more rapidly with increased temperatures than does the carboxylase activity (Tolbert, 1973 

and Voet, 1995). Loss of CO2 is one limiting factor photorespiration poses on the growth 

o f many plants. An additional problem with photorespiration is energy used. The recycling 

of 2-PG into 3 -PG is a costly reaction, requiring a large machinery consisting of 16 enzymes 

and six translocators (Douce, 1999) as well as a great deal of energy. RuBP oxygenation 

does not lead to significantly more energy consumption than does RuBP carboxylation, but



43

rather considerably less energy is conserved (Ogren, 1984). Questions arising from these 

studies include: what is the function o f photorespiration (is its purpose to alleviate the damage 

that oxygen radicals can cause in green leaves) and how can photorespiration be lessened or 

stopped to increase plant productivity?

Plant Strategies for Reducing Photorespiration

Three distinct modes of carbon fixation have evolved. Plants utilizing C3, C4 and 

CAM photosynthetic pathways all possess differences in adaptation and productivity (Brown, 

1993). The C3 pathway, the most primitive o f the groups, is utilized by most plants, including 

grains and most flowering plants (Campbell, 1993). The C3 plants use the method of CO2 

fixation described above, using the Calvin cycle to incorporate CO2 into organic material, 

with high CO2 (within the air space of the leaf) concentrations leading to photosynthesis and 

low CO2 concentrations leading to photorespiration.

To avoid the photorepiration problems o f C3 plants, C4 plants have evolved a unique 

solution. C4 plants are derived from the more primitive C3 photosynthetic pathway and 

contain complex modifications that confer advantages in certain environments (Brown, 1993). 

C4 plants are typically found in tropical regions and include such plants as sugar cane, corn, 

and weeds (Campbell, 1993 andVoet, 1995). C4 plants differ from C3 plants in two distinct 

ways: I) anatomy and 2) photosynthetic metabolic pathway. The leaves of C4 cycle plants 

(Figure 2-2) consist of mesophyll cells arranged in a concentric fashion around the vascular 

bundle sheath cells. The bundle sheath cells, in turn, envelop the fine veins of the vascular
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Figure 2-2. C3 and C4 Leaf Anatomy. I. Vein (consists of vascular bundles with the 
xylem and phloem); 2. Mesophyll Cells (in C3 plants, mesophyll includes spongy mesophyll 
cells (A) and palisade mesophyll cells (B)); 3. Bundle-sheath Cells; and 4. Stoma 
(interchange of gases for respiration and photosyntheis occur here).

tissue (Brown, 1993 andVoet, 1995). Thus, we see cooperation of CO2 assimilation between 

two distinct cell types, mesophyll cells and bundle sheath cells.

The second difference between C3 and the more recently evolved C4 plants is the use 

of a distinct metabolic pathway in C4 plants (Figure 2-3). The C4 metabolic cycle 

concentrates CO2, from the atmosphere in specialized photosynthetic cells (mesophyll and 

bundle sheath cells), thus preventing photorespiration (Voet, 1995; Brown, 1993; and Ogren, 

1984). CO2 from the atmosphere enters mesophyll cells and is fixed by a reaction with 

phosphoenolpyruvate (PEP) to yield oxaloacetate (OAA). The OAA, in turn, is reduced to 

malate which is then exported to the bundle-sheath cells. Once in the bundle-sheath cells, the 

malate is de-carboxylated to form CO2, pyruvate, and NADPH. The concentrated CO2, at
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this point, proceeds to the Calvin cycle (in the bundle-sheath cells), where photosynthesis 

resumes and CO2 is fixed by Rubisco. As the rate of PEP carboxylation and malate de­

carboxylation exceeds the rate o f RuBP carboxylation, the CO2 concentration is maintained 

and RuBP oxygenation is decreased, minimizing or altogether eliminating photorespiration. 

Thus, C4 plants have evolved a more efficient mechanism of photosynthesis, although at the 

expense of consuming five ATPs per CO2 fixed versus three ATPs required by the Calvin 

cycle. In addition to decreasing photorespiration, the C4 cycle also results in higher
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Figure 2-3. C4 Metabolic Pathway for Concentrating CO2. Mesophyll Cell: CO2 enters 
the mesophyll cells and is converted to oxaloacetate (OAA). The OAA is converted to malate 
and exported to the bundle-sheath cells (via plasmodesmata). Bundle-sheath Cell: Malate is 
decarboxylated by an NADPH-specific malate dehydrogenase to form CO2 and pyruvate. 
The CO2 then enters the Calvin cycle where 3-PG is produced.
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photosynthetic rates, more efficient use o f water (resulting from higher photosynthetic rates 

and stomatal conductance), and more efficient use o f nutrients (due to increased 

photosynthetic rates and a lower investment o f synthesizing nitrogen in Rubiseo) (Brown,

1993).

CAM (Crassulacean acid metabolism) plants have evolved a different version of the 

C4 pathway. CAM plants are often desert-dwelling succulent, or water storing, plants (Voet, 

1995). Ratherthan separating CO2 acquisition and the Calvin cycle by tissues (as in the C4 

pathway), CAM plants separate CO2 acquisition and the Calvin cycle by time (Voet, 1995). 

In CS and C4 plants, the stomata open during the day to acquire CO2. Desert-dwelling plants, 

however, avoid this mechanism as the opening of stomata during high temperatures would 

result in excess water loss. Rather, CAM plants absorb CO2 at night and store it in the 

Crassulacean acid metabolism pathway in the form of malate, similar to the C4 pathway 

(Figure 2-3). The stored malate is broken down to CO2, during the day, and is then free to 

enter the Calvin cycle.

Regulation o f Rubiseo

Rubiseo must first be activated by a number o f factors before it can participate in 

either photorespiration or photosynthesis. The Rubiseo holoenzyme is assembled in a 

Catalytically inactive form and is activated by the binding of an activator (CO2) followed by 

addition OfMg2+ on the Rubiseo large subunit, near the active site (Lorimer, 1980). Also 

necessary for Rubiseo activation is catalysis of the above process by Ribulose-bisphosphate 

carboxylase activase, or Rubiseo activase, in an ATP-dependent reaction (Streusand, 1987).
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Kinetic and physical studies have established that the activation o f Rubisco involves 

the addition o f CO2 and Mg2+(Lorimer, 1980). The activator CO2 was found to bind, in the 

form o f a carbamate, to the e-amino group of the lysine 201 residue o f the large subunit of 

Rubisco (Lorimer, 1980). The carbamlyation reaction is promoted by a slightly alkaline pH 

and completes the formation of a binding site for the Mg2+, also necessary for activation 

(Garrett, 1999). Carbamylation is spontaneous, but cannot occur if the active site of Rubisco 

is occupied by a sugar phosphate (such as Ru5P). Ari increase of RuSP concentration (in the 

cell) is actually known to inhibit carboxylation, as Ru5P binds tightly to decarbamylated and 

carbamylated sites. Thus, after Mg2+ binding, the release of Ru5P from the active site of 

Rubisco is necessary. This action is mediated by Rubisco activase, a regulatory protein that 

binds in an ATP-dependent reaction. Rubisco activase couples the energy o f ATP hydrolysis 

to the release of inhibitory sugar phosphates (RuSP) bound to carbamylated or de­

carbamylated Rubisco active sites.

The Role o f Rubisco Activase

Rubisco activase was first isolated from spinach extracts (Werneke, 1988) and is 

known to increase the proportion of active Rubisco by promoting dissociation o f tightly 

bound sugar-phosphates (including RuSP) from the active site of Rubisco (Salvucci, 1993). 

Without Rubisco activase, the sugar-phosphates would not be removed, resulting in either 

blocked carbamylatioft or inhibition of catalysis by binding to the active site of carbamylated 

Rubisco (Salvucci, 1993). Hydrolysis o f ATP by Rubisco activase is required for activating 

Rubisco, presumably to supply energy for inducing conformational changes that alter the
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binding affinity o f Rubisco for sugar-phosphates (Streusand, 1987).

Rubisco activase has been studied in a variety o f higher plants, including Arabidopsis 

thaliana, barley, spinach, cucumber, and tobacco (Werneke, 1989; Rundle, 1991; Werneke, 

1988; Preisig-Muller, 1992; and Qian, 1993), which has provided important structural 

information. Rubisco activase has been shown, in every plant except barley and maize, to be 

comprised o f two polypeptides o f 46 and 42 kDA (Werneke, 1989). Further evidence 

showed that the two polypeptides arise from alternative splicing o f Rubisco activase 

transcripts, and thus are the result of a single gene (Werneke, 1989). The resulting gene was 

designated Rca. The two Rca polypeptides were found to differ only in their carboxy- 

terminal amino acid regions and are both independently capable o f catalyzing Rubisco 

activation in vitro (Zielinski, 1989). In maize leaves, however, only the smaller polypeptide 

is present (Salvucci, 1987) and in barley, Rubisco activase has been found to be encoded by 

two closely linked genes, RcaA and RcaB (Rundle, 1991).

Additionally, concerning barley rubisco activase, the RcaA gene is equivalent to the 

Rca gene other plant Rubisco activase genes examined and likewise displays alternate splicing 

seen within the Rubisco activase genes of previously identified species (Rundle, 1991). In 

previously identified dicots (Arabidopsis and spinach), splicing occurs in the last intron of the 

Rca gene, thus producing two distinct gene products. Barley, however, is unique in that it 

contains three gene products. One gene product from the RcaB gene (BRcaB) and two gene 

products from the RcaA gene (BRcaA). Since the same splicing pattern is found in the 

monocot (barley) studied, as in the Rca genes of the dicots examined, it is possible that, in 

regard to Rubisco activase, some component o f pre-mRNA splicing has been conserved
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among both monocots and dicots and thus pressure to preserve the structure o f the 

polypeptides derived from the RcaA gene is strong (Rundle, 1991).

Structural Features o f Rubisco Activase

Comparison of known Rubisco activase sequences, along with structural studies, 

reveal conserved structural features of higher plant Rubisco activase. Conserved structural 

features include: I) nucleotide binding regions, 2) DNA sequence elements similar to light 

regulated elements seen in other genes, 3) ATP binding domains (ATP y-phosphate and 

adenine binding domain for ATP), 4) role o f the N-terminal (specifically amino acid Trpl 6), 

and 5) role o f Asp amino acid at positions 231 and 174.

As Rubisco activase requires ATP for activity, it is not surprising that multiple regions 

o f nucleotide binding (P-Ioops) have been found. Two regions o f nucleotide binding have 

been found and are suggested to represent nucleotide-binding sites in ATP-utilizing enzymes 

(Werneke, 1988). Within the first region, the lysine residue 171 of spinach Rubisco activase 

was found to interact with phosphate groups of bound nucleotides, and has been found to be 

essential for both Rubisco activase and ATPase activities. Point mutation studies, replacing 

Lysl71 with Arginine, Isoleucine, or Threonine, resulted in nonfunctional Rubisco activase 

and ATPase activity (Shen, 1991). This conserved lysine residue was also found in additional 

diverse ATP utilizing enzymes including adenylate kinase, bacterial ATPase, and various 

oncogenes (Shen, 1991).

Zielinski et al., 1989, showed that the accumulation of Rca mRNA in barley was 

stimulated by white light. DNA sequences resembling light-regulatory elements in the 5'
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flanking regions o f RcaB and RcaA of barley, have been identified (Rundle, 1991). RcaA 

contains putative BoxII/BoxIII-like sequences at positions -87, -HO, and -185, previously 

identified as sites of interaction o f DNA binding proteins in the promoter o f the RbcS-SA 

(Rubisco small subunit) gene o f pea (Green, 1988) which have been shown to convey light 

responsiveness to chimeric genes in transgenic plants (Rundle, 1991). Another light 

responsive element, at positions -36, -106, -167, and -177 (Mitra, 1989), has been found that 

is similar to the element that is responsible for the light regulated expression of an 

Arabidopsis Cab gene. The Cab gene, or chlorophyll a/b-binding protein, is a major 

structural component o f the light-harvesting complex. The gene is primarily induced to 

express in the photosynthetic cells by light. Thus making it a potentially significant element 

in Rubisco activase genes that may lead to a better understanding the photosynthetic reaction. 

A third possible light regulation element, found at position -132, is a G-box sequence motif 

thought to be important in light regulated expression of RbcS (Rubisco small subunit) in a 

number of organisms (Giuliano, 1988). Finally, the RcaA gene also has been found to contain 

an AT-1-like sequence at positions -580, to -620. This sequence has previously been 

identified to facilitate interaction of light regulated Cab and RbcS gene promoters with 

transcription factors in a phosphorylation-dependent manner (Rundle, 1991). Similar to the 

RcaA gene, the RcaB gene also contains putative Box II/III sequences and two possible G- 

box sequence motifs (Rundle, 1991).
i

Three ATP binding domains have also been found in tobacco (Salvucci, 1993 and 

Salvucci, 1994). From these studies, it was determined that the N-terminus (55 amino acids) 

was not required for ATP binding and that two ATPyBP modified peptides (indicative of
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ATP binding domains) were present, one adjacent to the P-Ioop (residues155-164) and the 

second from a distinct region o f the protein (residues 210-220) (Salvucci, 1993). Two 

additional ATP binding sites were subsequently found in tobacco (Salvucci, 1994). One of 

the sites was the adenine binding domain for ATP (residues 68-74), and the second site found 

was not a nucleotide binding domain, but a domain with the ability to bind with high affinity 

to adenine nucleotides containing an azido substitution on the base (residues 10-14).

Site directed mutagenesis o f the N-terminus led to the discovery that: I) deletion of 

the first 5 0 amino acids from the N-terminus led to the inability o f Rubisco activase to activate 

Rubisco, and 2) modification o f Trp 16 (previously identified by Salvucci, 1994 to be 

conserved among all Rubisco activase species) with Ala or Cys also led to an inability o f 

Rubisco activase to activate Rubisco (van de Loo, 1996). It has thus been hypothesized that 

Trp 16 may either mediate a conformational change within the activase protein that is 

indirectly required for interaction with Rubisco or may directly mediate interaction between 

the two proteins (van de Loo, 1996).

Finally, the roles of Asp231 and Asp 174 in binding of ATPZMg2+ have been ascribed 

(van de Loo, 1998) via point mutation studies in tobacco. From these studies, it was 

determined that mutations o f Asp231 and Asp 174 did not prevent ATP binding, but did 

prevent aggregation into higher-ordered oligomers and consequently prevented the catalysis 

o f ATP hydrolysis, regardless o f binding to ATP. Thus, point mutations at Asp231 and 

Asp 174 prevent the enzyme from undergoing the conformational changes that commit the 

enzyme to aggregation, followed by catalysis (van de Loo, 1998).

We have set out to identify and characterize Rubisco activase in an additional
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monocot, wheat. In this report, we present evidence showing that wheat Rubisco activase
t.

is encoded by two genes, WRcaB and WRcaA. These genes are closely related to each other 

(with the addition of a C-terminal tail in WRcaA) and to the other Rubisco activase species 

previously characterized^ The additional monocot sequences, provided by this study, support 

previous evidence that specific structural features of Rubisco activase are conserved among 

monocots and dicots and that these may be linked to the function o f the protein.
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Materials and Methods

Detection o f Three Partial Wheat Rubisco Activase “B” Genes from Wheat Genomic DNA

A 500ng4ul sample of Wheat genomic DNA (Chinese Spring ecotype) was obtained 

from L. Talbert, Montana State University. The DNA was RNAse treated by adding 1^1 of 

boiled RNAse to the sample and incubating at 37 °C for one hour. The DNA was 

electrophoresed on a I % agarose gel with 0.SjUgZml ethidium bromide and was visualized by 

UV254 light to check quality.

The resulting RNAse-treated DNA was used as template in PCR reactions designed 

to pull out a fragment of the Rubisco activase (Rca) gene in wheat. The following primers 

were made (exact and degenerate) from the known nucleotide sequences of Rubisco activase 

genes (BRcaB and BRcaA) in barley: Bacact-I (for)-exact, S1-GAC GAC CAG CAG GAC 

ATC AC-3'; Bacact-2 (for)-exact, S1-TAC GAG TAC ATC AGC CAG GG-3'; Bacact-2B-29 

(rev)-exact, S'-CTT GCG CAC CTC GTC GTC GTA-3'; Cact-I (for)-deg., S'-GAY GAY 

CAR CAR GAY ATH AC-3'; Cact-2 (rev)-deg., S'-RAA RAA RTC DAT NSW YTG NCC; 

and Cact-2B (rev)-deg., S1-TTN CKN ACY TCR TCR TCR TA-3'. IUB group codes, to 

signify degenerate sequences, are as follows: R= A+G, Y= C+T, K= G+T, S= G+C, W= 

A+T, H= A+T+C, D= G+A+T, and N= A+T+G+C.

First round PCR was carried out using the following primer sets: Bacact-1 (for)-exact 

and Bacact-2B-29 (rev)-exact, Bacact-2 (for)-exact and Bacact-2B-29 (rev)-exact, Cact-I 

(for)-deg. and Cact-2 (rev)-deg., Cact-I (for)-deg. arid Cact-2B (rev)-deg., Bacact-2 (for)-
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exact and Cact-2 (rev)-deg., and Bacact-2 (for)-exact and Cact-2B (rev)-deg. A 50^1 PCR 

reaction containing 0.5,ag wheat DNA, 250/iM of each primer, I unit o f elongase enzyme 

(Life Technologies), O.lmM dNTPs, 1.5mM Mg++, in buffer B (provided by manufacturer) 

was made for each o f the above primer sets. PCR was carried out on a Perkin Elmer DNA 

thermal cycler 480, with a 94°C denaturation step for 2 minutes followed by 30 cycles of 

94°C for I minute, 48 °C for I minute, and 68 °C for 2 minutes. PCRproducts from Bacact-I 

(for)-exact/Bacact-2B-29 (rev)-exact and Cact-I (for)-deg./Cact-2B (rev)-deg. were used as 

template in round 2, nested PCR.

Round two, nested PCR, was set up similar to round one PCR with the exception of 

different primer sets and a change in initial template concentration. Precisely 5/A of PCR 

product from primer sets I) Bacact-I (for)-exact/ Bacact-2B-29 (rev)-exact and 2) Cact-I 

(for)-deg./Cact-2B (rev)-deg were used as template. The primer sets used to nest, into both 

o f the above PCR products, were: Bacact-2 (for)-exact and Bacact-2B-29 (rev)-exact, 

Bacact-2 (for)-exact and Cact-2B (rev)-deg., Bacact-2 (for)-exact and Cact-2 (for)-deg., and 

Cact-I (for)-deg. and Cact-2 (rev)-deg. The primer set Bacact-2 (for)-exact and Cact-2 

(rev)-deg. produced a band that closely matched the expected size for Rubisco activase, as 

estimated from the known barley sequence. The band was gel purified, cloned, and 

sequenced. The entire PCR product was electrophoresed on a 0.8% agarose gel and the 

desired band was removed and washed via the pulp-spin method. After ethanol precipitation, 

the pellet was dried and resuspended in 10/d o f water. 1/d of the resulting DNA was re­

checked for purity on a 0.8% agarose gel. A 3.5/d aliquot of gel-purified DNA was added 

in the ligation reaction with the pGem-T vector (according to the manufacturers instructions)
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and transformed into JM 109 competent cells (Promega). The clones were screened for 

inserts o f the desired size and used directly in sequencing reactions.

Sequencing o f Clones

Sequencing reactions were set up for the ABI PRISM 377 as described by the ABI 

PRISM Dye Terminator Cycle Sequencing Ready Reaction Kit (Perkin Elmer). For each 

20/il reaction, 0.2fig o f DNA, 3.2 pmole primer, and 4/d. BIGDYE mix (A-Dye Terminator, 

C-Dye Terminator, G-Dye Terminator, T-Dye Terminator, dITP, dATP, dCTP, dTTP, Tris- 

Hcl (pH 9.0), MgCl2 thermal stable pyrophosphatase, and AmpliTaq DNA Polymerase) were 

mixed and placed in the GeneAmp PCR system 9600. Thermal cycling was as follows: 96 ° C 

for 15 seconds, 50°C for 10 seconds, and 60°C for 4 minutes. This cycle was repeated 25 

times and extension products were then purified. PCR products were precipitated with 75% 

isopropanol and washed with 70% ethanol. The resulting pellet was sequenced by the 

Montana State University sequencing.

The clones were sequenced using universal primers SP6 (5'-ATT TAG GTG ACA 

CTA TAG-3') and T7 (5'-TAA TAC GAC TCA CTA TAG GG-3'). One additional primer,' 

an internal primer, was needed to sequence the entire 651 bp fragment, Wheat RA-I (for), 

5'-KCATCA ACC CCA TCA TK A  TKA KCK-3' (K=G + T).

Cloning o f the Complete Rubisco Activase “B” Gene CWRcaBI from a Wheat cDNA Library

A lamba ZAPII wheat cDNA library was generously donated by Dr. Karen Browning, 

University o f Texas. The library contained pBluescript KSII as the cloning vector and an 

E. coli XLl-Blue host cell line. The host cells were prepared by placing a colony into a flask
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containing 50ml LB, 0. Ig maltose, and 0.5mL IM  MgSO4 with shaking overnight at 37°C. 

The cells were centrifuged and resuspended in 25ml cold IOmM MgSO4.

The library was first titered to determine phage particle concentration. A series of 

dilutions were set up in SM buffer (5.Sg NaCl, 2.0g MgSO4ZTH2O, 50ml IM  Tris pH 7.5, 

5mL 2% gelatin, and IL o f water) to make 10-fold serial dilutions ranging from 10 to I O6 fold 

diluted. The above dilutions (lO/A) were then mixed with 200/H XLl-Blue host cells and 

incubated at 37°C for 15 minutes. They were then added to 3mL top agarose (0.75% 

agarose in NZCYM media) and poured onto NZCYM plates. The plates were incubated 

overnight at 37 °C and resulting plaques were counted and used in the following equation to 

determine titer: pfu/ml= # plaques/^! used • dilution factor • I OOO/H/ml.

The wheat cDNA library was screened by PCR. The primers used for PCR screening 

were Bacact-2 (for)-exact and Bacact-2B-29 (rev)-exact, previously shown to be successful 

in detecting the presence of the WRcaB gene. To begin, six 106//il ( IO6 pfu/lOOmM) plates 

were prepared as described above in the titering protocol. After plaque formation, 2ml SM 

buffer was added to each plate and placed at 4 °C overnight. The SM buffer was recovered 

and a drop of chloroform was added to each microfuge tube to inhibit bacterial growth. The 

resulting plaque/SM buffer mix was used as template for PCR. 2jA plaque/SM buffer mix 

aliquot was first heated at IOO0C for 5 minutes to denature the phage protein coat. The first 

round PCR reaction was comprised of 2//1 denatured plaque/SM mix as template, 250/iM 

primers, 0 .1 mM dNTPs, I unit o f Tfl polymerase, and 1.5mM concentration OfMgSO4 in Tfl 

buffer. PCR conditions included a 2 minute denaturation step carried out at 94°C followed 

by 40 cycles o f 940C for I minute, 55 °C for I minute, and 680C for 2 minutes. The sample
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showing the band o f the correct size was then used as template to make the NZCYM plates 

in the second dilution series.

The second dilution series consisted o f adding SfA phage stock (which produced a 

positive signal in round one PCR) to make three IO4 pfu/plate and three IO3 pfu/plate 

dilutions. As before, I [A of each dilution was added to host cell and incubated, poured into 

top agarose and incubated overnight on NZCYM plates. From the second dilution plates, 

plaques in groups of 100 were isolated using the small end of a disposable pipette and placed 

in 500/d. SM buffer overnight. A drop of chloroform was also added to inhibit bacterial 

growth. The six samples were then used as template in a PCR reaction. Each 50/d PCR 

reaction contained the same components as the first round screening, with the exception of 

template. PCR conditions were also the same, with the exception o f 20 cycles rather the 40 

cycles as before. The phage stock that produced a positive PCR result was used as template 

in the third dilution series.

The plates for the third dilution series were made the same as for the second dilution 

series, three IO4Zplate and three at IO3Zplate samples. After incubating overnight, plaques 

were isolated in groups of 10 and placed into 100/d o f SM buffer overnight at 4 ° C. PCR was 

identical to the second dilution series PCR. The phage stock producing a positive result was 

then used in the final dilution series, the isolation o f phage from individual plaques.

Plates were made from the desired phage stock from the third dilutions series as stated 

above. From the plates, individual plaques were isolated and placed in 100/d SM buffer. The 

plaques were PCR screened (as above) and the individual plaque containing wheat Rca was

identified.
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In vivo Excision o f cDNA from Phase and Sequencing

The in vivo excision o f the individual phage lysate was achieved by adding 25^1 

individual phage lysate in SM buffer to 200^1 XLl -Blue host cells and I [A R408 helper phage 

(Stratagene). This mixture was incubated 15 minutes at 37°C and added to 2.5mL LB broth. 

After an additional 3 hour incubation at 37 °C, with shaking, the sample was heated at 70 °C 

for 20 minutes to kill the host cells, centrifuged at 5K RPM for 5 minutes (to remove cell 

debris), and the resulting Phagemid stock (supernatant) was recovered. After diluting the 

phagemid stock (1:100), 5[A was added to 200/A host cells and incubated at 370C for 15 

minutes. A total o f 25/A was plated on an LB-amp plate and incubated overnight. Plasmids 

were prepared from the resulting colonies via the Wizard Plus SV Minipreps DNA 

Purification System Protocol (Promega) as per the manufacturers directions. Purified 

plasmids were electrophoresed on a 1% agarose gel, to check for inserts, and plasmids with 

inserts were sequenced.

For initial sequencing, the universal primers M l3 forward (5'-CCC AGT CAC GAC 

GTT GTA AAA CG-3') and M l 3 reverse (5'-AGC GGA TAA CAA TTT CAC ACA GG-3') 

were used to confirm sequence. To sequence the entire 2,044 bp gene in both directions, 

additional internal primers were used. Internal primers used to sequence the entire clone 

were: W RAl (for), S'-GAC CAC CTT CCT CGG GAA GAA-3'; WRA2 (for)>-G CA  TGG 

AGA AGT TCT ACT GG-3'; WRA5 (rev), 5'-TTC ACC GTG TAC TGC GTC GTC C-3'; 

WRA6 (rev), 5'-AAG GTG TCC ACC AGC CTC A-3'; WRA7 (rev), 5'-CTC GCT GAG 

GTA CTT GTC GG-3'; WRA8 (rev), 5'-GAT GTC GTA AGC GAG ACC-3'; and WRA9 

(for), 5'-TCC AGG AGC AGG AGA ACG-3'.
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The resulting sequences were aligned by overlapping using the program Sequencher 

(v. 3.1.1) and the entire WRcaB gene was submitted to GenBank, accession number 

AF251264.

Cloning o f the Complete Wheat Rubisco Activase “A” Gene TWRcaAl from a cDNA Library

To screen the cDNA library for a potential WRcaA gene by PCR, a primer was made 

from the 3' terminal barley sequence, specific to BRcaA (5'-CGT CGC TCC TTG CCG TTG 

G-3'). This primer was used in conjunction with other primers (that anneal either to WRcaB 

or WRcaA) and resulting PCR analysis showed WRA2 (for) and Barley RA-2 (rev) was the 

only set to produce a band estimated from the BRcaA gene data to be the correct size. PCR 

conditions, to test primer sets, were as follows: 3/̂ 1 of the wheat cDNA library was added 

to IjA  SM buffer and heated at IOO0C for 5 minutes prior to use. After heating, the sample 

was spun down and I [A was used as template in each reaction. Along with template, I unit 

o f Tfl polymerase, 0. ImM dNTPs, 250/iM primers, and 1.5mM MgSO4 and Tfl buffer were 

added. PCR conditions included a 2 minute denaturation step at 94 °C followed by 30 cycles 

of 94 °C for I minute, 48 °C for I minute, and 68 °C for 2 minutes. The different primer sets 

tested were: W RAl (for) and Barley RA-2 (rev), WRA2 (for) and Barley RA-2 (rev), WRA3 

(for) and Barley RA-2 (rev), Bacact-2 (for)-exact and Barley RA-2 (rev), and Bacact-I (for)- 

exact and Barley RA-2 (rev). As the primer set WRA2 (for) and Barley RA-2 (rev) was the 

only set to produce a band of the expected size, they were chosen for use in PCR screening 

o f the cDNA library.

The DNA fragment, produced by WRA2 (for) and Barley RA-2 (rev), was sequenced
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to confirm it encoded Rubisco activase. The 507 bp band o f interest was gel purified (via 

pulp-spin method), cloned and sequenced. A 3.5^1 aliquot o f the gel purified product was 

used in the ligation reaction during cloning with the pGem-T vector system (Promega)s along 

with SjA 2X buffer, 0.5/A pGem vector and 1/A of T4 DNA ligase. The ligation reaction was 

then used in the transformation process into JM l 09 competent cells (Promega). The clones 

were screened for plasmids containing the 507 bp inserts and the purified plasmids were used 

directly in sequencing reactions (as described above) using primers T7 and M l 3 (reverse).

The PCR screening of the wheat cDNA library for the entire WRcaA gene was similar 

to the screening protocol seen above for detection o f the WRcaB gene. The primers used for 

PCR screening the cDNA library were WRA2 (for) and Barley RA-2 (rev). Plates were made 

as described for the screening of the WRcaB gene and similarly three rounds of screening 

were performed, resulting in the identification of an individual phage containing the insert of 

interest. The in vivo excision of the individual phage lysate is described above (In vivo 

Excision o f cDNA from Phage and Sequencing).

Multiple Sequence Alignment o f Three Partial WRcaB Genes

The three partial WRcaB genes, identified by PCR as seen above, were aligned using 

the program Clustal W (v.1.74) (Higgins, 1991) with gap openings and extension penalties 

set at 30 and all other parameters set at default. The Blossom series o f similarity matrices was 

chosen and minor adjustments were made by hand.

Sequence Analysis of WRcaA and WRcaB

As with the partial WRcaB genes, WRcaA and WRcaB genes were aligned using



61

Clustal W (v. 1.74) (Higgins, 1991): All parameters were set as above, and GenBank 

accession numbers for sequences useddn the alignment were as follows: BRcaAl, M55449; 

BrcaB, M55449; BRcaA2, M55447;- WRcaA, (unpublished fragment); WRcaB, AF251264.
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Results and Discussion

Identification o f Three Partial Rubisco Activase “B” Genes from Wheat

To begin the identification and characterization of Rubisco activase in wheat, we 

screened wheat genomic DNA, by PCR, using exact and degenerate primers derived from the 

barley BRcaB gene. O f the six different primer sets used, two separate samples contained 

PCR products estimated to be of the correct size. The two samples were then used in nested 

PCR to further deduce which sample contained the Rubisco activase gene. Nested PCR 

reaction were performed on both samples above using two different primer sets. One primer 

set (Bacact-2 (for)-exact and Cact-2 (rev)-deg.) successfully produced a product estimated 

to be the correct size in both PCR samples. Sequencing both PCR products resulted in two 

distinct 208 amino acid (626 nucleotide) fragments o f the WRcaB gene. The two fragments, 

WRcaBl and WRcaB2, differed at 17 nucleotide positions (these differences did not result 

in any amino acid substitutions). To further check these results, and rule out sequencing 

error, additional PCR reactions were performed and products were cloned and sequenced. 

Sequence analysis of eight total clones revealed three distinct ffagements, WRcaB I , WRcaB2 

and WRcaBS (Figure 2-4). This finding, however, is not surprising as the wheat genome is 

hexaploid (AABBDD) and gene variations from the three genomes have previously been 

noted (Sallares, 1995).

Identification o f the WRcaB Gene in Wheat

After identification of the partial WRcaB fragments, we set out to clone the full-length
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W RcaB2
W RcaBS
W R caB l

W RcaB2
W RcaBS
W R caB l

W RcaB2
W RcaBS
W R caB l

W RcaB2
W RcaBS
W R caB l

4 2 1  AACACCAGCTCGCACTGGAACGACTTGCCCTGTCCCTTGCCTCCCCAGATGCCCAGGATG
4 2 1  ....................................................................................................................................................................................
4 2 1  ....................................................................................................................................................................................

4 8 1  AGAGGGACCTTGATGTTGGGGAGCGTCATGAAGTTCTTGGCGAGGTGGACGATGAGCTTG
4 8 1  ................................................................ T ....................................................................................................................
4 8 1  .............A ..................................................T ....................................................................................................................

5 4 1  TCCATGAATGCCGGGGCGATGTAGAGCCCGTCCATGGTGTTGTCGAAGTCGTACTTCCGC
5 4 1  ....................................................................................................................................................................................
5 4 1  ................................................................................G .....................................................................T ..............................

6 0 1  AGGCCCTGGCTGATGTACTCGTAAAT
6 0 1 .............................................................................
6 0 1  .............................................................................

Figure 2-4. Three Different WRcaB Gene Fragments. Dots indicate amino acids identical to those seen in the 
complete WRcaBS sequence (above). Numbers at the left indicate the nucleotide number of each gene.
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M A S A F S S T V G A P
GAGCGGGGAGAGAACAATCGACACGATGGCTTCTGCTTTCTCGTCCACCGTTGGAGCTCCGG

A S T P T T F L G K K V K K Q A G A L N Y
CGTCGACCCCGACCACCTTCCTCGGGAAGAAGGTGAAGAAGCAGGCCGGTGCGTTGAACTAC

Y H G G N K I N N R V V R A M A A K K E L
TACCATGGTGGCAACAAGATCAACAATAGGGTGGTCAGGGCCATGGCGGCCAAAAAGGAACT

D E G K Q T D A D R W K G L A Y D I S D D
TGACGAGGGCAAGCAGACCGATGCCGATCGGTGGAAGGGTCTCGCTTACGACATCTCCGATG

Q Q D I T R G K G I V D S L F Q A P M G D
ACCAGCAGGACATCACGAGGGGGAAAGGCATCGTGGACTCCCTGTTCCAGGCCCCCATGGGC

G T H E A I L S S Y E Y I S Q G L R K Y
GACGGCACCCACGAGGCCATCCTGAGCTCCTACGAGTACATCAGCCAGGGCCTGCGCAAGTA

D F D N T M D G L Y I A P A F M D K L I V
CGACTTCGACAACACCATGGACGGGCTGTACATCGCCCCGGCGTTCATGGACAAGCTCATCG

H L A K N F M T L P N I K V P L I L G I W
TCCACCTCGCCAAGAACTTCATGACACTCCCCAACATCAAGGTCCCTCTCATCCTGGGTATC

G G K G Q G K S F Q C E L V F A K M G I
TGGGGAGGCAAGGGACAGGGCAAGTCGTTCCAGTGCGAGCTGGTGTTCGCCAAGATGGGCAT

N P I M M S A G E L E S G N A G E P A K L
CAACCCCATCATGATGAGCGCCGGAGAGCTGGAGAGCGGCAACGCCGGCGAGCCGGCCAAGC

I R Q R Y R E A A D I  I K K G K M C C L F  
TGATCCGGCAGAGGTACCGCGAGGCTGCCGACATTATCAAGAAGGGCAAGATGTGCTGCCTC

I N D L D A G A G R M G G T T Q Y T V N
TTCATCAACGACCTGGACGCCGGCGCGGGGCGGATGGGCGGGACGACGCAGTACACGGTGAA

N Q M V N A T L M N I A D A P T N V Q F P
CAACCAGATGGTGAACGCCACCCTGATGAACATCGCGGACGCGCCCACCAACGTGCAGTTCC

G M Y N K E E N P R V P I I V T G N D F S
CGGGGATGTACAACAAGGAGGAGAACCCACGCGTGCCCATCATCGTCACCGGCAACGACTTC

T L Y A P L I  R D G R M E K F Y W A P T  
TCGACGCTGTACGCGCCCCTCATCCGGGACGGCCGCATGGAGAAGTTCTACTGGGCGCCCAC

R E D R I G V C K G I  F R T D N V P D E A  
CCGGGAGGACCGCATCGGCGTGTGCAAGGGCATCTTCCGCACCGACAACGTCCCCGACGAGG

V V R L V D T F P G Q S I D F F G A L R
CCGTGGTGAGGCTGGTGGACACCTTCCCGGGGCAGTCCATCGACTTCTTCGGCGCGCTGCGG
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A R V Y D D E V R K W V G E I G V E N I S
GCGCGGGTGTACGACGACGAGGTGCGCAAGTGGGTCGGCGAGATCGGCGTCGAGAACATCTC

K R L V N S R E G P P T F D Q P K M T I E
CAAGCGGCTCGTCAACTCCAGGGAGGGGCCGCCGACGTTCGACCAGCCCAAGATGACCATCG

K L M E Y G H M L V Q E Q E N V K R V Q
AGAAGCTCATGGAGTACGGCCACATGCTGGTCCAGGAGCAGGAGAACGTGAAGCGCGTGCAG

L A D K Y L S E A A L G Q A N D D A M A T
CTCGCCGACAAGTACCTCAGCGAGGCGGCGCTCGGCCAAGCCAACGACGACGCCATGGCGAC

G A F Y G K G
CGGCGCCTTCTACGGCAAGTAGAAAGTCCTATACTTAAGATGCATGCGTGCATGCATGCACT 

ATATATATGCTGGAATATTTTGGACTCGAATCCACTCAAACTTTTTGATTCATCGCCGCACA 

GGTAGCCCAATTGTAAGTCTCTTCTTGAAAGAGAATCCAATTGTATATGTTTTCGTATTGCC 

TATAT AAAAAAAAAAAAAAAAAAAAAAAAA

Figure 2-5. Amino Acid and Nucleotide Sequence of Rubisco Activase from Wheat 
(WRcaB) The full-length WRcaB gene is 432 amino acids (1296 nucleotides) in length. 
The 5' and 3'-UTR’s are underlined in black.

WRcaB gene. Using primers made from sequence information from the 626 nucleotide 

WRcaB fragment, we screened a wheat cDNA library by PCR. The screening resulted in the 

identification of one positive clone. The clone was sequenced on both strands and determined 

to be the full-length WRcaB gene (Figure 2-5). The 3'-UTR was determined to be 168 

nucleotides and the 5'-UTR was found to be 24 nucleotides. Primer extension, however, was 

necessary to determine full 5'-UTR.

The WRcaB mRNA clone encoded a polypeptide of 432 amino acids and was found 

to be 96% identical to the BRcaB gene. As we had only screened a cDNA library, there was 

no information regarding WRcaB introns. Further analysis will include screening a genomic
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library to obtain the entire gene. This will allow us characterize the Rca genes and 

polypeptide sequences. This will include making a physical map of the wheat Rca locus, 

looking at introns/exon arrangements (BrcaB is known to contain the longest intron, 12.2 kb, 

yet identified in plants) and to look at possible alternate splicing (Rundle, 1991).

Identification o f the WRcaA Gene in Wheat

Since we were unsure if  a WRcaA gene existed in wheat (barley is the only plant 

determined to date to have both an RcaA and RcaB gene), we first conducted a PCR 

experiment on the cDNA library to see if  we could detect a WRcaA gene. The PCR was 

done using a BRcaA specific primer (as BRcaA has a 3 6 amino acid C-terminal extension not 

found in the BRcaB gene) and an N-terminal primer non-specific to RcaA or RcaB. The PCR 

results indicated a product estimated to be the correct size, and sequencing confirmed the 

fragment was indeed WRcaA gene. Using the primer set that had successfully pulled out the 

WRcaA fragment, we screened the cDNA library by PCR and isolated the WRcaA gene. The 

clone isolated from the cDNA library, unfortunately, was a partial clone, lacking 

approximately 99 amino acids from the N-terminus.

The WRcaA gene fragment (Figure 2-6) was sequenced on both strands and found 

to be 1089 nucleotides, encoding a polypeptide of 363 amino acids. As stated above, 

approximately 99 amino acids from the N-terminus were missing, but the C-terminus 

(determined in barley Rubisco activase to be the A gene specific region) was present, clearly 

indicating we had found a second gene encoding Rubisco activase in wheat (WRcaA). 

Comparison o f the two wheat genes showed that they were 82% identical. The difference
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S S Y E Y V S Q G L R K Y D F D N T M G G
GCTCCTACGAGTACGTCAGCCAGGGCCTGCGCAAGTACGACTTCGACAACACCATGGGCGGG

L Y I A P A F M D K L S V H L A K N F M T
CTGTACATCGCCCCGGCGTTCATGGACAAGCTCAGCGTCCACCTCGCCAAGAACTTCATGAC

I P N I K I P L I L G I W G G K G Q G K
AATCCCCAACATCAAGATCCATCTCATCTTGGGTATCTGGGGAGGCAAGGGTCAAGGAAAAT

S F Q C E L V F A K M G I N P I M M S A G
CCTTCCAGTGTGAGCTTGTCTTCGCCAAGATGGGCATCAACCCAATCATGATGAGTGCCGGA

E L E S G N A G E P A K L I R Q R Y R E A
GAGCTGGAGAGTGGCAACGCCGGAGAGCCAGCCAAGCTGATCAGGCAGCGGTACCGTGAGGC

A D M I K K G K M C C L F I N D L D A G
TGCCGACATGATCAAGAAGGGTAAGATGTGCTGCCTCTTCATCAACGATCTTGACGCCGGTG

A G R M G G T T Q Y T V N N Q M V N A T L
CGGGTCGGATGGGCGGGACCACACAGTACACCGTCAACAACCAGATGGTGAACGCCACCCTA

M N I A D A P T H V Q L P G M Y N K R E N
ATGAACATCGCCGATGCCCCCACCACGTGCAGCTTCCAGGCCATGTACAACAAGCGGGAGAA

P R V P I  I V T G N D F S T L Y A P L I  
CCCACGCGTGCCCATCATCGTCACCGGCAACGACTTCTCGACGCTGTACGCGCCCCTCATCC

R D G R M E K F Y W A P T R E D R I G V C
GGGACGGCCGCATGGAGAAGTTCTACTGGGCGCCCACCCGGGAGGACCGCATCGGCGTGTGC

K G I  F Q T D N V S D E S V V K I V D T F  
AAGGGTATCTTCCAGACCGACAATGTCAGCGACGAGTCCGTCGTCAAGATCGTCGACACCTT

P G Q S I D F F G A L R A R V Y D D E V
CCCAGGACAATCCATCGACTTTTTCGGTGCTCTGCGTGCTCGGGTGTACGACGACGAGGTGC

R K W V T S T G I E N I G K K L V N S R D
GCAAGTGGGTGACCTCTACCGGTATCGAGAACATTGGCAAGAAGCTTGTGAACTCGCGGGAC

G P V T F E Q P K M T V E K L L E Y G H M
GGACCAGTGACGTTTGAGCAGCCAAAGATGACAGTCGAGAAGCTGCTAGAGTACGGGCACAT

L V Q E Q D N V K R V Q L A D T Y M S Q
GCTCGTCCAGGAGCAGGACAATGTCAAGCGTGTGCAGCTTGCTGACACCTACATGAGCCAGG

A A L G D A N Q D A M K T G S  F Y G K G A  
CAGCTCTGGGTGATGCTAACCAGGATGCGATGAAGACTGGTTCCTTCTACGGCTAAGGGGCA
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Q Q G T L P V P A G C T D Q T A K N F A
CAGCAAGGTACTTTGCCTGTGCCGGCAGGATGCACCGACCAGACTGCCAAGTCAGCTCCCC

P T A R S D S C L Y T F
AACGGGAGGAGAGTGATCGACGTTTCCATCCATTT

Figure 2-6. Amino Acid and Nucleotide Sequence of Rubisco Activase from Wheat 
(WRcaA). Partial WRcaA gene is 363 amino acids (1089 nucleotides) in length.

between WrcaB and WrcaA, for the most part, was due to the 37 amino acid C-terminal tail, 

found only in the WRcaA gene. The genes were otherwise highly similar. A comparison of 

the WRcaA gene with BRcaA showed them to be 95% identical, similar to the WRcaB and 

BRcaB genes which were determined to be 96% identical.

Multiple Sequence Alignment and Sequence Analysis of Rubisco Activase Genes

After identification of both the WRcaA and WRcaB genes, we conducted a multiple 

sequence alignment to existing Rcagenes of barley and wheat, including WRcaA (363 amino 

acid fragment), WRcaB, BRcaAl, BRcaA2 and BRcaB (Figure 2-7). The multiple sequence 

alignment showed a high degree of conservation of sequence identities of the encoded 

polypeptides between the two wheat Rca genes and when comparing the wheat Rca genes to 

Rca genes isolated from barley. Interestingly, the identity was greater between 

WRcaA/BRcaA (95%) and WRcaBZBRcaB (96%) than between the WRcaA and WRca B 

genes (82%). A similar comparison between the WRcaA and previously identified dicots, 

Arabidopsis (ARca) and Spinach (SRca) (Rundle, 1991), found that WRcaA was 80-82% 

identical to ARca and SRca. As WRcaA shows 80+% amino acid sequence identity with dicot 

Rca genes, but higher identity with WRcaB and barley Rca genes (an additional monocot).
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This data supports Rundles (Rundle, 1991) contention that RcaA and RcaB may have been 

derived from a common ancestor that post-dated the monocot-dicot divergence (Rundle, 

1991).

Sequence similarity between BRca genes and WRca genes is great and, not un- 

expectantly, structural motifs previously found in barley and tobacco (Wemeke, 1988, 

Salvucci, 1993, and Rundle, 1991) also apparent to be present in the wheat genes. For 

example, two potential ATP binding domains are found conserved among barley and wheat 

Rca genes and are represented by dotted lines in Figure 2-7 at residues155-164 and 210-220 

in Figure 2-7. The ATP binding domains have thus been found in all deduced Rubisco activase 

polypeptide sequences, consistent with the observation that activation o f Rubisco activase in 

vitro requires ATP (Rundle, 1991).

In this initial study, we have determined that two genes encode Rubisco activase in 

wheat and that both genes have a high degree o f similarity to previously identified Rubisco 

activase genes. Further studies may look at alternative splice patterns in  wheat Rca genes, 

with the intent o f determining physiological significance for two forms of Rubisco activase. 

As Rubisco activase activity has important implications in photosynthesis, the alternative 

splicing may impart an advantage or be essential to photosynthesis in higher plants. Further 

analysis o f structure and function of Rubisco activase may one day enable us to modulate the 

activation level o f Rubisco leading to a far improved ratio o f the Calvin cycle to 

photorespiration. As photorespiration drains away as much as 50% of the carbon fixed by 

the Calvin cycle (Cambell, 1995), reducing photorespiration by modulating Rubisco activase 

and (thus Rubisco) activity may lead to increased crop yields and food supplies.
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B R c a A l 2 9 7 PTRDDRIGVCKGIFQTDNVSDESVVKIVDTFPGQSIDFFGALRARVYDDEVRKWVGSTGI
B R caA 2 2 3 9
WRcaA 1 9 8 . . . E .......................................................................................................................
WRcaB 3 0 1
B R caB 2 9 4

B R c a A l 3 5 7 ENIGKRLVNSRDGPVTFEQPKMTVEKLLEYGHMLVQEQDNVKRVQLADTYMSQAALGDAN
B R caA 2 2 9 9
WRcaA 2 5 8 ............ K ...................................................................................................................
WRcaB 3 6 1 • • "Se e e e e e eE# ePe eDe • e e • I  e e e M e e e e e e e e e e E e e e e e e e e e K e L e E e . O
B R caB 3 5 4

B R c a A l 4 1 7 QDAMKTGSFYGKGAQQGTLPVPEGCTDQNAKNYDPTARSDDGSCLYTF
B R caA 2 3 5 9 ...............................KGAQQGTLPVPEGCTDQNAKNYDPTARSDDGSCLYTF
WRcaA 3 1 8
WRcaB 4 2 1 De . . A e e A . . . .
B R caB 4 1 4 D ................A _____

Figure 2-7. Multiple Sequence Alignment of Wheat and Barley Rca Genes. Dots indicate amino acids identical 
to those seen in the complete BRcaAl sequence (above). Dashes indicate an missing amino acid in that position in 
the alignment. Numbers at the left indicate the nucleotide number of each gene. The dotted line indicates ATP binding 
motifs.
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APPENDIX A

Multiple Sequence Alignment of Ten Full-length TERT Genes.

Conserved motifs are denoted by black underbars. Black boxes represent an amino acid 
conserved within at least five or more proteins and the grey boxes represent similar amino 
acids. Species abbreviations are as follows: ham., hamster; m., mouse; h., human; Ea., 
Euplotes aediculatus; Ot., Oxytricha trifallax; Tt., Tetrahymena thermophila\ At., 
Arabidopsis thaliana; Sp., Schizosaccharomycespombe; Sc., Saccharomyces cerevisiae; and 
Ca., Candida albicans.
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ham I ----BPRAPgCRA--- ---VRALL
m. i ----STRAPgCPA--- ---VRSLL as
h . I ----JPRAPfflCRA--- ---VRSLL
E a . 
O t . 
T t . 
A t .  
S p . 
S c .  
C a .

I ---- gEVDVDNQADNHG-

Q Y RQfflW P LAT FffiRRBG PEgRQ LfflQ PGDPKVFRTL
r y r e Bw p l a t f | rrHg p e S r r l | q p g d p k i y r t l
HYREfflL PLAT EfflRRfflG PQfflW R L |Q RG D PAAFRAL 

IHSALKTCEEIKEAKTfjYSWIQKffllRCRNQSQS-
1 MSAKKPVQSiLNIGNPTIPVTSNRs!APKP0PGQPQFj§NQEKKQQSQNTTTGAFRSNQNN
I  MQKINNINNNKQMLTR----------- KEDLLTVLKQISALKYVSNiYEFLLATEKIVQT----------
I ------- Bp RKp I h RVP-----------EI  LWjgLFGNRARNLNDAgVDWIPN-  - RN|QPEQCRCRGQG
I ------- fflTEHHTPKSRILRFLENQY-V----------YLCTLNDYVoB l r I s PASSY------SNICER
I  MKILFEFIQDKLDIDLQTNS------------- TYKEN----------------HfflKCffl------------------------------
I --------------------------------MTVKVNEkS S l LQYBl DN------------------TSN----------------DVPLL-

ham . 5 1 -------------------------------- VARCmVCfflPgDSQP PPADLS FHQgSSLaELHARV— VQRgCERG
m. 51 --------------------------------- VAQCgVCgHgGSQPPPADLS FHQgSSLaELHARV— VQRgCERN
h .  5 1 -------------------------------- VAQCgVCgPaDARPPPAAPSFRQfflSCLgELHARV— LQRfflCERG
B a . 4 7 -------------------------------- HYKDfflE DMKIFAQTNIVATPRD YNEEDFKVfflARKE— VFSTGLM
O t . 61 ANSGGNGNFELDDLHLALKSCNEfflGSAKTLFCFFMELQKUNDKIPSKKNT----- ELgKNDP
T t . 5 0 -------------------------------- SELDTQFQEgLTTTIIASEQNLVENYKQKYNQPN-------FSQLTI-
A t . 4 9 -------------------------------- CLGCSSDKP-AFLLRSDDPIHYRKLLHgCFgvLHEQTPPgLDFS
S p . 48 L------------------------------ Rs d v q t s - - I s i f l h s t v v g f d s --KPDEGfflQFSSP K cs— qs
S c .  3 0 -------------------------------- HFNG|deHl TTCFALPNSRKIALPCL-------PGDLSHKAVIDHCII
C a .  27 ----------------------------------PSLKEYgETVLVYKS IKRPLPAg------|PQESFDEFMKE0VTRL

ham . 93 E-------------------------------------------------------------------------------------------------------------
m. 93 E-------------------------------------------------------------------------------------------------------------
h .  93 A------------------------------------------------------------------------------------------------------------
B a .  89 IELIDKCLVELLSSSDVSDRQ----------------------------------------------------------------------- IgLQC
O t . 118 QFQYFCHNTILCTEQSYDEKTIEKLAKLEYKLEYKNSYIDMISKVIKELLIENKLNfflLQT
T t . 90 --------------------------------------------------------------------------------------------------------------
A t .  92 PTS-------------------------------------------------------- WWSQ------------------------------------------ 1 E |
S p . 86 ELIANVVKQMFDESFERR--------------------------------------------------------------------------
S c .  71 YLLTGELY------------------------------------------------------------------------------------------------- Ng
C a . 67 VMEKS------------------------------------------------------------------------------------------------------- nBBI
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T g g F
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AgfflFAgDD
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94 DDSII 
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MKgFSgNH 
TBffl-YKgA 
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-GAQGGPPgTFTTSVRSYLPN-
-e a r g g p p | a f t s s v r s y l p n -
-GARGGPPEAFTTSVRSYLPN- 
-QLAKTHLgTALSTQ- -KQYFFQDEgNQfflRA

- E FGNQNHfflGMMQQNQDSSHNSNFMVKC DYI-------ggNKQCglgKNfflEKfflYF
-NKQNYV-------- QQIGTTTIGFYVEY-
-SGC DCQNglCARYDKYDQS-------------
--EDFRAMHVNGVQNDLVSTFP--------
-RNEDVN--------- NSLFCHSA-------------
-AMESRS--------- IFTTFHSSG-----------

-E-NIffllSRQTB g  INgRN 
-------- S P I L l g  S lS g E F
— Hi l iS k  b I '
-------- 1 Snv  0  ' IAAgKlFHS
-------1 filhh |jtBhnBst0 fs

TEL5 TEL4



81

RCAi S LVPPSCA~YQVCGSPLYQICATAETWPsvsRiYRpT~RpvGR
HCA^ B LVPPSCA~YQVCGSPLYQICATTDIWPSVSASYRpT-RPVGR 
rcaSHh LVAPSCA-YQVCGPPLYQLGAATQARPPPHASG-PR-RRLG-

YKYLIFQRTSEGTLVQFCGNNVFDHL------------------------------------------------
YKEYMBlKTRDESLVQISGT------------------------------------------------ NIFCY

DFLVFTKVEQNGYLQVAG---------------------------------------------------- IVCLN
ILLGKKH-QQVSGPPLCIKHKRTLSVHENKRKRDDNVQPPTKRQW---------
ISKGSpjEALPNDNYLQISGIPLFKN--------------------------------------N-------
INYTHIQFNGQ---------------------------------------------------------------------FFTQ
IvnnkgQ s k v ---------------------------------------------------------------------n g e s v
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ham . 2 0 1  n f t h l g s t h | v r n s s h q e a w k p p p l p s r e a k r s l s i t n r s v p p s k k a r c d l a p r l e k g p y
m. 201  n f t n l r f l q q i k s s s r q e a p k p l a l p s r g t k r h l s l t s t s v p s a k k a r c y p v p r v e e g p h
h • 199 --------------c e§ a w n h s v r e a g v p l g l p a p g a r r r g g s a s r s l p l p k r p r r g a a p e p e r t p v
E a . 186  KVNDKFD------- KKQKG-----------------------------------------------------------------------------------------
O t . 269  LNEKLGRLQAAFYEGPNKNAAN-----------------------------------------------------------------------------
T t . 176  QYFS--VQViQKKWYKN-NFNMNG------------------------------------------------------------------------
A t . 2 0 1  l s s a v d d c p | d d s a t i t p i v g e d v d q h r e k k t t k r s r i y l k r r r k q r k v n f k k v d c n a p c
S p . 190 -VFEETVS------- K-KRK---------------------------------------------------------------------------------------

C a .  141 QIFG-DVNs | r ---------------------------------------------------------------------------------------------------
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h . 
Ea . 
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T t . 
A t .  
S p . 
S c .  
C a .

261  r q a v p t p s d k - t w v p n p a k s h a v p i s r t t k e d l s s g v - - k a p g l s 1 s g - sv cy k h |
261  RQVLPTPSGK-SWVPSPARSPEVP---- TAEKDLSSKG--Kv | dLSLSG-SVCCKH
252 GQGSWAHPGR-TRGPSDRGFCWSPARPAEEATSLEG— Al §G TRf SHPSVGRQhI
1 9 8 ---------------------G AADMNEP--------------------R------------------CCgTCKYNVKNEKDHFLNNIN
2 9 1 ---------------------S AAQGSNPEANDLISAEQRKI - -NTAIVMKKTHKYNIKAADES YLTNQE
1 9 7 ---------------------KATSNNNQNNANLSNEKKQENQYIYPEIQRgQIFYCNHMGREPGVFKSS
2 61 ITPSTNGKVSTGNDEMNLHIG— INGSLTD------- FVKQAKQVKRNjjjiNFKFGLSETYSVI P
2 0 1 ---------------------R T IE T S IT --------------------Q------------------NkBa RKEVSWNS IS  I S | f S I F
164 ---------------------RSSSSSAT---------------------------------------------I a Qi S q LTEPVTNKQFLHK
1 5 1 -------------------------------------------------------------------------------------------BAVVVSKYITiFNVL
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314 SLLSPPRQNAFQLRP-FIET 
309  STSRPPRPWDTPCPPVYAET
228  VPNWNNMKSR----------------T -
338 KGFWDDQIKR----------------N-
24 6 FFNYSEIKKG--------------FQF
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JLYSREGG--RERLNPSI 
I l Y S R G D G — Q E R L N P S I

JLYSSGD-----KEQLRPSf
IYCTHFNRNNQFFKKHEf
jYCAHQNR-----FFQKH--HL--NSKi

ILNNgQj 
IL SNpQj 
IL S SI 
J s — NBNNl

IQQQIRDN-
PIQEKLQGR--QFINSD-----K--RRBDHPOTITKKT-BT,

-------------------------------------------------------!SiNCiDS
231  YRSSYKKFKQ---------------DLYFNLH--------------------------------------SICDRNTV]
191 LNINSSSFFP---------------Y--------S -K ----------------------------------- Bl^ s I s I
166  YNSYSRDFSR--------------- F- -E-M-
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338 GEgNVWSTTPSHGKGNCPSGSI------------ CL0HSgLKS
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2 1 9  eSBfBtnlvk1pq------------------------ ^ K VRMNLTioKgHKRHjgRT,NgVS
194 s w n Bg r s s ---------------------------------------mRHr g f k s m b s RTOaB d

lHARCPiV 
HAECQMVR 
[H AQC PHGV 

" D FNgNY Yl 
SK F DgKY y| 
1n i n | ny |
ISSHLKI
!RISLSM
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423 FRTAAHQVAGALNT------------------------------------------- TSPQRLMNfflRLHB
4 20 FRT ANQQVT DALN--------------------------------------------- TSPPHLMdM r LhI

Jraavt  pa a g  vc  a r e  kpq g  s v a a p e e ---------------e d t  d p r r l v q M rqhS
TWRERKQKIENLINKTREEK------------------------------ SKYYEEHFSYTylDNKCl
TWKNLKKSFLEDAAVSGELR----------------------------- GQVFRQgFEYQQDQ
TYQSLKSQVKQIVQSENKANQ Q--------------- SCENLFNs[|YDTElgYKl

| l l l q e d a l k s g t t s q s s r r q k a d k l p h g s s s s q t g k p k c p s v e e r k l y c | nd
324 YlgTHDDEK--------------------------------------------------------------------- M sYST.KPNl
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T E L l
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IQ VETSA 
[S FKCKD 

FVDLKNQ 
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LGKRS 
FISDIW 
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T E L l
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521  NCVPAA Sh r t r -----------E
517 DRVPAA Bh r l r -----------ER)
527 GCVPAASh r l r -----------e e
422 KHFYYFgHEN-------------I yI
527 ENKKFFMNEN-------------EHjSFFKVljKi
441 K FTQKRKYI S DK---------R i jQ
511 CMVNGHgLQSESIRSTQQMiCTKlgS
409 NAKMCLSDFEKR---------KC Q EgaYj
34 9 FTKHNFgNL---------------NQIAIcH s I
318 SSKQDFHMTIFTLR-----TAFgKGj

Fd
Fd
FQl

IQQKSYSj 
KAKEYj 

HKHKEGSQj
E qggI ln

IgfegTVl
STVT-j 
SIVSSgl

FgYRK
FgYRK
FgYRK
SlYYRK
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IfqkyBqgB
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M gvlD F SSSS  
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ICVp i I e k e k Be - f e r y
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484 DYRDSLLT jTiFARFGEI

It l d -P. 
LD-QTl 
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"1FNN-VLf^
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PRM EqjRSKDAfflNE— NGgFgRS 
RgsgPV^KE^jEELFENQDNK-TSYYV
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------- DRATgNg
------- T-----
SHKLgKVgT-----TgDgQgHNLNI LSSS-



84

ham  
m. 
h . 
Ba. 
O t . 
T t . 
A t .  
S p . 
S c .  
C a .

ham  
m. 
h . 
Ba. 
O t . 
T t . 
A t .  
S p . 
S c . 
C a .

ham  
m. 
h . 
B a .  
O t . 
T t . 
A t .  
S p . 
S c . 
C a .

ham  
m. 
h . 
B a . 
O t . 
T t . 
A t .  
Sp. 
Sc. 
C a .

7 6 9  -QFgK H B Q D --S-D TSA L 
7 6 6  -QFgKHgQD— S-DASAL
7 7 5  -QFQAHgQ----------ETSPL
674  P TLFS vHe N— EQNDgNA 
7 8 0  P T L F E Ig E D — EFNDgNM 
7 0 9  DDDDQi Bq KGFKEIQSDD
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SSSgNEASgG 
KQRNYFK

J eqrkkfp 
MgDKPRCIT 

jKGENHRVR
gFVDYWTKSSgEj

IvrtShlsnq 
IkgniI evcI

SrnsM mgg- 
irhSg j Hgd-
iCHHAB j|RG- 

MlCQYNYg FNG- 
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RTLIYPFLEEASj
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IKASPSQD-
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DSQQg
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IYQLSLGNFFKFHgK
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8 5 5  QFPQEDYNLE---------- HFKISVQNECQ
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i fIH
IeEttd
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IKS IQKQTQQEINQgINVAI S I  
|QVDYSRYLSGH0sS|FjVAWQ 

ITLLACPKI DEAL PNgg-gVELT
khs1tmnnfh0 r------------

GHKRNSGSISLVTTN----------------

h
M o t i f  E

4
M o t i f  F



85

ham 
m. 
h . 
Ea . 
O t . 
T t . 
A t .  
S p . 
S c . 
C a .

ham
m.
h . 
B a . 
O t . 
T t . 
A t .  
S p . 
S c . 
C a .

9 6 0
957
964
8 8 0
9 8 5
9 1 0
951
8 3 5
7 4 6
764

1 0 1 7
1 0 1 4
1021

9 3 6
1 0 4 1

9 6 9
1 0 0 8

886
8 0 3
8 2 1

KKFdL 
KIFllL 
KlflLI. 
KL 
KL
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1 0 2  9 MWDIIVSYLKKKKQFKGY|
1 0 6 1 --------------------------------------
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EIFSTgKYI 
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