MONTANA

STATE UNIVERSITY

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 of Science in Plant
Sciences

Montana State University

© Copyright by Ruschelle Ann Love (2000)

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 TERTSs 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.
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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 thaliana and Oryza sativa (rice). From
the multiple sequence alignments it was concluded that, as with previously identified TERTs,
plant TERT's 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 (TEL1-5) 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.




IDENTIFICATION AND PHYLOGENETIC ANALYSIS OF PLANT
TELOMERASE GENES

Introduction

Telomeres, orthe sinecialized structures found at the ends of 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 of 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 of the chromosome. These discoveries were
supported by maize chromosc;me 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 cyéle consisted of fche movement of two
centromeres of 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 forméd ends. Throughout theée studies,
chClintock was able to draw séveral conclusions conc‘ernirIg broken chromosomes, inéluding
the idea that newly formed chrc;mosome ends were “sticky"’ and would fuse with other newly
formed chromosome ends (normal, unbroken, chromosomes were stable and wéuld not fusé
to other ends) (Blackburn, 1995).

These initial studies, on chromosome rearrangement, were followed by cytologicai
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studies of chromosome ends, showing many cases in which the ends of chromosomes behaved
in special ways, and molecular studies of telomeres (Blackburn, 1995). The molecular
analysis of telomeres began with the discovery that the most | distal portion of the
Tetrahymena thermophila chromosomes consisted of tandem arrays of repeated sequeﬁce
(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 structuraily and functionally similar. All teloméres
consist of repeated sequences with a G-rich strand oriented in the 5' to 3' direction towards
the chromosome terminus (Blackburn, 1995). Each terminus cgntains 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, 19§ 5).
The telomeric DNA usually consists of tandem repeats of 5-8 bp séquence elements. Some"
common sequence motifs include: TTAGGG (vertebrates); TTTAGGG (angiospcfms);
TTAGGG (fungi); and T,,GGGG (ciliates) (Blackburn, 1995). Other organisms have
telomer‘ic repeats that are much longer and more highly variable. Saccharomyces cerevisiae,
for example, has an imperfect telomeric repeat, T(G), 5(TG), (Zakian, 1996), aﬁd C’andz’da
albicans has a unique 23 bp repeat (Blackburn, 1995). The length of the telomeric tandem
arrays for the above species has been shown to vary, ranging ﬂom 5-20kb in humans, 100-
150kb mice, 200-250bp in Arabidopsis, to very short stretches of 18-20bp in Oxytricha and
Euplotes (Zentgraf, 1994 and Richards, 1988).

An additic;nal interesting feature of telomere struc;ture 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 W1th 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 6f telomere-associated
proteins interact with the telomeric single-stranded 3' qverhang inciliates. They are assumed
to function as molecular chaperones, capping the G-quartets formed by the single-stranded
3' overhang (the G-rich overhanging strands of telomeres that dimerize to form stable
complexes in solution via the formation of G—quartef, or cyclic, tetramers). The secénd group
of telomere-binding proteins, double-stranded telomere-binding proteins, has been
characterized in human and yeast and are classified as a family of Myb-related
(protooncogene) telomeric DNA—binding proteins. Raplp; one example of a double-stranded
telomere-binding pro;cein, isinvolvedin teldmeric position effects as well as in telomere length
reg‘ulation.‘ The telomeric position effect refers to the ability of telomeres to repress the
transcription of genes in their vicini;cy (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,telomeré—associated proteins appear to fit simultaneously into both categoﬁes
described above, suggesting that they may have multiple ﬁmctions.

The functional roles of telomeres have been wéll established. It is known that
telomeres perform at least three basic functions. First, telomeres may maintain genome
integrity by forming protective céps at the en&s of 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 of chromosomal termini as a solution to the “end replication problefn”
(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 of chromosomal termini.

Telomerase, first purified from Tetrahymelna (Ligner, 1997), is an RNA-dependent
DNA polymerase containing an RNA and a protein subunit. The RNA subunit provides the
template for addition of short sequence repeats to the 3' end of the telomere and was first
identified in Tetrahymena by Greider and Blackburn (Greider, 1989). To date, a variety of
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 Tetrakymena, has now been identified in
ciliated protozoans, mammals, yeasts and the plant-Arabidopsisv thaliana. The protein
component serves as the catalyst for telomere repeat synthesis and contains sequence
similarity to reverse transcriptase, including the presence of sevenreverse 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 télomérases identified to date, but its
function has not yet been eiucidated. Identification of the eight (T, 1, 2, and A-E) telomerase
reverse transcriptase motifs led to 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 Il 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 inthe catalytic subunit oftelomerase,
which is not surprising, as telomerase polymerizes DNA using an RNA template, itselfthe
definition ofan 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.

STEPI

Lagging strand

RNA Primer RNA Primer

Leading strand

Lagging strand

Leading strand

Figure 1-1. End Replication Problem. STEP |: Denaturation ofthe template occurs first.
The leading strand synthesis results in complete replication ofthe 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 of the chromosome.
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Chromosome replication poses a problem for eukaryotic cells. Replication by DNA
polymerase does not work for replication of chromosome ends, as the 3'-end of chromosomes
are not completely copied via this mechanism. Thus, éach successive round of conventional
DNA replication results in a loss of telomeric sequence as DNA polymerase fails to complete
synthesis of the lagging strand (Figure 1-1). To prevent continuous loss of sequence,
telomerase has evolved to add sequence onto 3' chrémosomal termini. The model oftelomere
repeat addition by telomerase (Figure 1-2) was proposed by Greider and Blackburn (Greider,
1989) and has since been supported by additional studies. Telomerase binds to the 3'.
overhéng of'the chromosome end, with the RNA template base pairing with the most terminal
telomeric repeat. The telorﬁere is then elongated by the addition of nucleotides to the 3'
terminus. Oncethe end of the templatin;g domain isreached, a translocation step is necessary
to reposition the DNA back to the beginning of the RNA tempiate 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. InAheal'thy bells, 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 eéch successive cell division. Furthermore, in both mammalian and fungal
systems (Nakamura, 1997 and Ligner, 1997), severe telomere degradation is implicated in
cellular senescence arid aging. On the other hand, humé.n immortalized cell lines and cancer

cell lines are often found to have higher levels of telomerase, suggesting that unchecked
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Figure 1-2. Telomerase 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
oftemplate copying produces additional TTTAGGG repeats. New bases are seen in bold and
letters in italics indicate RNA template.
addition of 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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con‘FrOI of 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, barle_:y, tomato, maize, wheat, and Melandrium album
(white campion) (Shippen, 1998, Riha, 1998). Interestingly, plants of the onion family
apparently lack the TTTAGGG telomeric repeats, as ne;ither in situ hybridization nor
Southern blotting have been successful in detection of this telomeric sequence (Shippen,
19985. 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) whereaé
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 ekample, plant telomeres are
shortened in embryos and inflorescences during diffe;rentiation in barleif. 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 batley are especially long during
undifferentiated growth in suspension cultures, likely the result of higher levels of telomerase
activity (Kilian, 1995).

Telomerase eéxpression is alsp believed to be developmentally regulated. Telomerase
expression was first reported in tobacco using a biochemical telomerase (oligo extension)
assay method of detection (Fajkus, 1996). More recently, the PCR-based Telomere Repeat
Amplification Protocol (TRAP) assay has been successfully used to detect telomerase activity

ina vériety of plants including: barley, Arabidopsis thaliana, cauliflower, tobacco, soybeén
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and M. album (McKnight, 1997; Fajkus, 1998; Shippen, 1998; Riha, 1998). Utilizing such
me;thods, expression of plant telomerase activity in various tissues has been explored (Killian,
1998, McKnight, 1998, Riha, 1998,and Heller, 1996). Te;lomerase a'ctivity 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 béfore a solid understandigg of the role of telomerase and its controls are
achieved. Identification and study of both the TERT and RNA components of plant
teloinerase will be an essential step towards tﬁis goal. In this thesis, with the | goal of
identifying plant TERT genes, we utilized the higher pl;clﬁt .ﬁreliminary seciﬁence‘ data made
available by the Stanford Sequencing Center (Sténford, _Califo‘rrllia)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 of telomerase. Surprisingly, it was found that Arabidopsis
TERT and O. sativa TERT more closely reserﬁble the TERT proteins of higher eukaryotes

than TERTSs from lower eukaryotes.
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Materials and Methods

Database Identification of Putative 4Arabidopsis. thaliaﬁa TERT

A putative Arabidopsis thaliana TERT gene was found in the GenBank Arabidopsis
(incomplete genome) database via the “TBLASTN” algorithm using a 76-amino acid fragment
of the known human TERT (hTERT) amino acid seéuence (moﬁfs 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 Arabidopsis gene was 41% identical to hTERT with

| 65% similérity. 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 of 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 (10mM Tris pH8, ImM EDTA). The concentration was
quantitated via the BeckmanfDu—S 0 spectrophotometer at A,q,, and DNA was inspected by

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

Identification of Arabidopsis thaliana TERT (A{TERT)

Exact and degenerate primers were constructed using sequence information from the

putative Arabidopsis TERT fragment 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 Arabidop.gis DNA
were: Arab C1 (rev)-exact, 5'-AGA CAC AAA ATG TAG TCA TC-3'; Arab C2 (rev)-exact,
5'- GTC ATCA ATA AAT CTC AGT AA-3"; Arab C1 (rev)-deg., 5-GAY GAY TAY ATH
TTY GTN TCN-3'; Arab C2 (rev)-deg., 5-TYG NYG NSA NTT MTT VAT SAY-3'; B
(for)-yeast combo, S'-MRA RAA GWT GGTMTY 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'. TUB group codes, seen above, to idéntify 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 50ul reactions containing the following: 2ug Arabidopsis genomic DNA, 1 unit of fag
polymerase (Promega), 0.1 mM dNTPs, 250 uM of each primer anci buffer C (provided by
the manufacturer) with [Mg*™] at 1.5mM. A 5 minute denaturation step at 94° was followed
by 30 cycles of 94°C for 1 minute, 50°C for 2 minutes, and 72°C for 1 1/2 minutes. The
uappropriate number of cycles was determined experimentélly by quantitating the amount of
PCR product in a cycle-dependent manner, comparing pr<;duct 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 C1 (rev)-exact and T (for)-yeast combo, Arab C1 (rev)-
exact alone, T (for)-yeast combo alone, Arab C1 (rev)-deg. and T (for)-yeast combo, and
Arab C1 (rev)-deg. The approximately 1600 bp band, produced by Arab C1 (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 eppendorftube containing paper pulp in TE buffer for 10 minutes
at 14 K and collect supernatant), ethanol precipitated and resuspended in 20 u1 of water. The
gel purified DNA (1u1) was electr(;phoresed on a 1% agarose gel for quantitation and to
determine purity, and was then used as template in the second round of PCR.

The second round of PCR, nested PCR, used 0.5ng of the ~.1 600 bp Arab C1 (rev)
_ alone fragment aé template. All other PCR conditions were kept tﬁe same as firstround PCR. |
Nested primers sets used in the nested PCR reactions were as follows: Arab C1 (rev)-exact
and T (for)-yeast combo, Arab Cr (rgv)—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 th.ese primer éets, various PCR prodlict sizés were separated on a 1.5%
agarose gel stained with 0.5..g/ml ethidium bromide and visualized under UV s,. Resulting
bands of the correct size, estimated from the size of 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
(Promegé), as per the manufacturers directions, and sequenced. Each PCR product (2u1) was
ligated into the pGem-T vector and transformed into E. coli JM109 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 of Clones

Sequencing reactions were set up for the ABI PRISM 377 as described by the ABI
PRISM Dye Terminator Cycl‘e Seqﬁencing Ready Reaction Kit (Perkin Elmer). For each
20ul reaction, 0.2ug of DNA, 3.2pmole primer, and 4.1 of BIGD YE mix (A-Dye Terminator,
C-Dye Terminator, G-Dye Terminator, T-Dye, Terminator, dITP, dATP, dCTP, dTTP, Tris-
HCI1(pH 9.0), MgCl, 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 Morﬁana 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: ArabNB1 (rev) 5'- TAT CCA AAC
CAT TAG ATC-3', ArabNCl (rev) 5-CAA AGT CCT CTC GAG ATG-3', ArabNT1 (for)
5'-TGG GAA AGA TTA ATA AGC-3‘, and ArabNTZ (for) 5'-GAA CCA GAT GTT CTT

GG-3'.

Database Identification of Putative Oryza sativa (Rice) TERT

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

searching the 4rabidopsis thaliana database (Stanford University Home Page) via the
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“TBLASTN” algorithm. The search utilized a 28 amino acid segment of the Arabidopsis
thaliana TERT protein sequence in the region identified as the “C motif” as query against the
higher plant sequence database with the expect parameter set at 100. The second match, with
a match score of 74, was accession number AQ510589 from the Or);za sativa sequencing
project at Clemson University. AQ510589 was a 531 base pair genomic fragment. Sequence
alignment of this deduced polypeptide sequence to the TERT protein sequence of
Arabidopsis thaliana identified multiple regipns of sequence similarity, including the

canonical reverse transcriptase motifs C, D, and E.

Collection of Oryza sativa (Rice) DNA

Clemson University provided the Oryza sativa Rice BAC clone, in tﬁe pBeloBACII
vector, (catalog # nbxb0095N19f) as a stab culture in E. Coli strain DH10B. One liter of
culture was grown in LB (Lennox L Broth Base) at 37 °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..g of DNA.. |
DNA yield was determined by running a 1% agarose gel with 0.5 pg/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: 1) directly storing recovered DNA from the above purification at-70°C
and 2) preparing a glycerol stab containing culture in LB and 8% glycerol and storing

at -70°C.
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Oryza sativa (California ecotype) genomic DNA, 1ug/ul, was obtained from M.
Giroux, Montana State University. Concentration and quality of the DNA was checked on

a 1% agarose gel.

Confirmation of Oryza 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 Mnaxiprep.s DNA
purification system (describéd above), was used as template in a PCR reaction utilizing two
end primers, made fr&m 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) 5-CCT
GAATAT TTG TTA ATG AGG-3, Rice EP-3 (rev) 5'-GGA AAC ACA TCG TCC AAG
TCA AT-3', and Rice ER-1 (rev) 5-GTC ATA CCT CGT ATA ATC AGC-3'. 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 fragfnent did not align with known TERT sequences. The
PCR reaction, to obtain the fragment of interest from the BAC DNA, was done using 2p1g
BAC DNA, 1 unit of 7f] polymerase, 0.1mM dNTPs, 250uM primers, and a 1.5mM
concentration of MgSO, in 7f] buffer. A 5 minute denaturation step at 94°C was followed
by 40 cycles 0of 94°C for 1 minute, 52°C for ‘1 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 iﬁ the sequencing reactions. The sequencing was done,

as described above, using Rice EP-2 (for), Rice EP-3 (rev) and Ridc ER-1 (rev) as primers.
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Intron Prediction of 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. Arabidopsis thaliana
was chosen as organism of interest and submission of the rice nucleotide sequence was via

FASTA format.

cDNA Library Screening for Oryza sativa (Rice) TERT

The Rice 5-STRETCH c¢DNA Library was purchased (Clontech) and contained Agt11.
as the cloning vector and E. coli Y1090- as the host strain. The library Was screened using
two distinct methods, PCR and nucleotide hybridization.

Host cells, for PCR screening of the librar§‘f, were prepared by adding 0.1g maltose
and 1M MgSO, to 50 ml of LB. The culture was shaken overnight at 37° or until a turbid
suspension was achieved. After preparation of the host cells, by centrifuging down cells and
resuspending them in 25ml 10mM MgSO,, the library was titered to determine the phage
particle concentraﬁqn. A series of dilutions were set up in SM buffer (5.8g NaCl, 2.0g
MgSO,-7H,0, IM Tris pH 7.5, 2% gelatin, pet liter of water) to make 10-fold serial dilutions
ranging from 10 to 10°fold diluted. Each dilution (10.1) was added to 2001 host cells and
incubated at 37°C for 15 minutes. After incubation, 3ml of top agarose (0.75% agarose in
NZCYM media (Life Technologies)) \i}as 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 usiﬁg the following equation: pfu ‘(plaque forming

units)/ml = #plaques/wl used - dilution factor - 1000x1/ml. .
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Screening of the library by PCR consisted of multiple rounds of plate dilutions and
PCR to screen for the correct insert size. The two primers used in the screening were: Rice
ER-1 (rev) and Rice EP-2 (for) (see above for sequences). To begin, 10°pfu/ul
(10°pfu/100mm) 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 of chloroform was added tc; inhibit bacterial growth. For
each PCR reaction, 2.1 of template (phage suspended in SM buffer) was added (after heating
at 100°C to denature phage protein coat), 250/¢M primers, 0.1mM dNTPs, 1 unit of 77
polymerase, and 1.5nﬁM-concentration of MgSO, and Tf] buffer. PCR conditions included
a 2 minute denaturation step at 94°C followed by 40 cycles of 94 °for 1 minute, 55°C for 1
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 of Known TERTS

A multiple sequence alignment was prepared using the deduced polypeptide sequence
of Arabidopsis and known TERT polypeptides. The multiple sequence alignment of 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 of similarity matrices was chosen. The resulting aﬁgnment was obtained and
minor adjustments were madé by hénd. 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 4. thaliana, AF172097.

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 SeqBoot program 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 Oryza sativa putative TERT

Asafull leﬁgth OsTERT 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 of 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 of 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 of the known human TERT protein as the query éequence. From this BLAST
output, a putative 4. thaliana TERT coding sequence was identified (GenBank # B27802).
The 625 bp genomic sequence encoded an amino acid sequence with 57% similarity té the
region of hTERT containing motifs C, D and E.

Exact primers were made using sequence information from the 625 bp putétive TERT
gene fragment,- and degenerate primers made using sequence information from previously
cloned TERT genes (S. cerevisiae, S. pombe, T. thermophila and O. 'trz'fallax). Various
combinations of the exact and degenerate primers‘ were used in a PCR reaction utilizing 4.
thaliana genomic DNA as the femplate. These PCR products, as well as control reacﬁons
(containing either water as template or one primef alone), were electrophoresed on an agarose
gel. No bands of the expected size, as estimated by known TERT sequences, were visible by
ethidium bromide staining. Interestingly, one control sample, amplified with the Arab C1
(rev)-exact primer ‘aloné (see materials and methods), resulted in strong amplification of an
| approximately 1600 bp DNA fragment (Figure 1-3B). We assumed that the primer bound a
cryptic C-like 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 reacﬁons, using the Arab C1
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Figure 1-3. PCR Amplification oiArabidopsis thaliana Genomic DNA using Exact and
Degenerate Primers. 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 .of the correct size (as estimated by known TERT
sequences) for three reactions: T (for)-yeast combo to Arab C2 (rev)—exac.t, 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 of the
Arabidopsis gene, spanning the gene from motif T to ﬁotif C (Figure 1-3A). 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 of the RT gene family.

Sequencing Both strands from the DNA fragments obtained by PCR gave us an 876
bp fragment of the A. thaliana TERT gene (Figure 1-4). The fragment contained the
previously described RT motifs 1, 2, and A-C as well as the telomerase-specific motif T.
Soon after these data were obtained, the entire Arabidopsis thaliana TERT (designated
AtTERT) gene was published (Oguchi, 1999). The sequence of the full A7TERT 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 introns, encoding an 1124 amino acid polypeptide. The calculated molecular
mass was determined to be 131 kDa, similar to previously described TER Ts 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 1-3B). We chose not to follow up on this fragment as even if it had been
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MOTIF T
R L N I Y Y Y R K R § W E R L I § K
GACGGCTAAATATTTATTATTACCGGAAAAGGAGCTGGGAAAGATTAATAAGCAAAG

E I S K A L D G Yy v L v D D A E A E_ S
AAATTAGCAAAGCCCTTGATGGATATGTCCTAGTAGACGATGCTGAAGCTGAAAGTA

MOTIF |
S R K K L § K F R E L P K A N G V R M
GCAGGAAGAAGCTATCAAAGTTTAGATTTTTACCAAAGGCCAATGGTGTGAGGATGG
MOTIF 2
v L b F S § § S R § O S L R D T H A V L

TGTTAGACTTTAGTTCTTCGTCAAGGTCGCAATCTCTTCGTGATACACATGCTGTTTT

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

b F Y R N L CP Y L I HL R S Q S G E
GATTTCTACAGAAACCTATGCCCATATCTGATCCATTTAAGAAGTCAATCTGGAGAAC

MOTIF A
L P P L Y F V V A DV F K AF D S V D O
TTCCTCCTTTGTACTTTGTGGTTGCGGATGTATTCAAAGCATTTGATTCAGTCGACCA

G K L L HV I O S§ F L K D E Y I L N R C
GGGTAAGCTGCTTCATGTCATTCAAAGTTTTCTGAAAGATGAATACATCTTAAACAGA

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

b K NS N F SR F T S TV P Y N A L Q
GTGACAAAAATTCTAACTTTTCAAGATTCACATCAACTGTTCCATATAATGCACTGCA

S 1 vv DK G ENHIRV R K K D L M V
AAGTATCGTGGTTGATAAGGGAGAAAACCATCGAGTGAGGAAAAAGGATCTAATGG

w I GG N M L K N N M L Q L D K S F Y V
TTTGGATAGGAAATATGCTAAAGAACAACATGCTGCAGTTGGATAAAAGCTTCTATG
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MOTIF B
oIl A GI P O GH R L S S L L C C F Y
TACAAATAGCTGGAATACCTCAGGGACACAGATTATCATCCTTGTTATGTTGTTTTTA

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

v § §$ K E €C §$ R E E E L I I P T S Y_K
TGTGTCTTCTAAAGAATGCAGTAGAGAGGAAGAGCTTATAATTCCCACGAGCTATAA

MOTIF C
L LR 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).
partofthe TERT fragment it would have given us sequence information downstream of motif

T, sequence information we had obtained already.

Structural Characterization of "MffERT

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 TERTSs 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) X0 1126 (human) amino acids. Inourmultiple sequence alignment, however, we
aligned the entire TERT polypeptides, resulting in 15 highly conserved regions (representing
466 amino acids), TELI-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 representan 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:
1(----—-- ), I (e o), Hl (------- ), and 1V ( ). The non-essential region, y, is indicated

described motifs T, 1,2, and A-E and seven of 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. Ofthe newly described

motifs, five were found to be upstream of the telomerase-specific motif T, TEL1-TELS5, and

m & mO 4

b on K E& % -

Ei Ei El Bl B EF1 H ON <C R CI Q pg En O
NH2

Figure 1-6. 15 Sequence Motifs Identified in Known TERT Proteins. Reverse
transcriptase (1,2 and A-E) and telomerase-specific (T) motifs identified inall 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, motifé 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, .1 999). Unigenic mutation studies work under the assumption that
analyzing distribution of mutations within complementing alleles of a gene coﬁld distinguish
between essential and non-essential regions of 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 of 33 mutations were
made between the N-terminal and the conserved telomerase specific motif 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 TELS and TEL4 were included in region I of the hypomutable regions, motifs TEL3
and TEL2 were included in region II, a fragment of TEL1 anci a fragment of the conserved
motif T were included in region III, and the rest of motif T was included in hypomutable
regionIV (Figure 1-5). We did, however, include one non-essential region in our alignment,
a twelve amino acid block at the beginning of the TEL1 motif, corresponding to the y non-
essential region. Of the 12 amino acids in this region, however, mutations were only made
on five of the 12 residues (Friedmah, 1999), none of which were the highly conserved amino
acids (H, L, S, P, R or V) és seeﬁ 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 of th@ hypomutable regions. | Thus, this work supports our hypothesis that the
newly identiﬁeci and highly conserved motifs TEL1-TEL5 most likely have been evolutionary
conserved, and thus hﬁve functional importance.

The sequence alignments from all 15 highly conserved domains were subsequently
used to determine amino acid sequence similarity/identity between TERTSs and to cc‘)nstruct
a possible phylogenetic tree (Table 1-1 and Figure 1'-7). As AfTERT was the first plant
telomerase to be identified, it was important to determine its relationship to other known
TERTs. The motifs of 4. thaliana show greater sequence identity and similarity to those of
human, mouse and hamster than they do to those of TERTs from yeast or ciliates (Table 1-1).
Similarly, A. thaliana clusters closely with human, mouse and ﬁaﬁster inthe phylogenetic tree
(Figure 1-7). The tree contains three main clusters of TERT prqteins, corresponding to those

of yeast (S. cerevisiae, C. albicans and S. pombe), ciliates (T. thermophila, O. trifallax and
E. aediculatus) and higher eukaryotes (human, mouse, hamster and 4. thaliana). The
bootstrap values, indicafed 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 identiﬁ-cation of AfTERT reinforces the conclusion that the
TERT catalytic subunit is a phylogenetically conserved corﬁponent oftelomerase 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

identity (similarity) A, thaliana 0. trifall.

C. albicans

S. cerevisiae
S. pombe
hamster
human

mouse

E. aediculatus

T. thermophila

O. trifallax

19(45)
21(49)
24(48)
32(58)
32(60)
34(60)
23(46)
25(52)

23(49)

18(45)
21(53)
24(51)
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T. thermophila
E. aediculatus
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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 TELI-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 ofmammals 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). Ourdata, however,
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fail to show these same results. Rather, phylogenetic énalysis of TERT proteins group
animals and plants f[oéether, 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 of telomerase and to address fundamental questions concerning telomere
function in higher eukaryotes. The high similarity between the plant and mammalian TERT
proteins, and the advantagé:s of using plant system over a mammalian system, make this a
strong possiblity. Plants have many advantages ovér 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 of Oryza sativa (Rice) Putative TERT Gene

After identification of AtTERT, we set out to identify additional plant TERT genes.
Using a 28 amino acid segment of the Arabidopsis thal iand 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 (ietected
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 b D F I F I § F S L E H A Q
TTAATGAGGTTCATTGATGATTTCATATTTATCTCTTTCTCACTGGAGCATGCTCAA

MOTIF D
K F L NR MR R G F V F Y N CY 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

MOTIF E
R G D D G v § 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 of/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 of 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 of 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 arice

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

Structural Characterization of 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

ham PHLVI IPEgQ

m. PHLDg JVPEg

h. PHLTHg lpeS

At. TSRDg FKDHNCI

Os. IFSLEHg FVFHNCYjjj

Ea. kgenS INVSREN@FKFS

Ot. ltekn| I'YQLSLGNFFKFHi

Tt. DSQQI LNLgVQQQNCANNNgFMI_

sp. Kihkkde kkBvnlsP | fekhnfstsl f

Sc. ITDQQQV----mmmmmmmmmmmeem inikk1al gbfgkBnaki VSS

Ca. PDS DgVMT | FEDSNI YDOVHNI --LSGjjjl LESggBAH bn-
Motif C Motif D

ham 48 VDAGTLDGg--——-- APHQLPAHCLFPgd LCDYgGYAR

m. 48 VEPGTLGGA--——- APYQLPAHCLFPgC FCDYgGYAQ

h. 48 VEDEALGGg--——-- AFVQMPAHGLFPiq [®SDYgSYAR

At. 48 DKEEHRCSg— NRMFVGDNGVPFV vdy| ryls

Os. 48 AGNSE-PSg— NRLYRGDDGVSFMP QADYgRYDC

Ba. 48 LSPSKFAKYGMDSVEEQNI VQDYCD PNINLRIE

Ot. 48 LNLQKIGCg-NTTQDIDSINDDLFH IQNINIKKE

Tt. 48 FPQEDYNLE--------- HFKISVQNECQ KSIQKQTQQ

sp. 48 NSNGIINNg--------- FFNESKKRMP ITLLACPKIDE

Sc. 48 QSDD DTVIQI khs| tmnn

Ca. 58 QTTT- -KTSIDgVI ISFIKRNSGSISL

Motif E

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 of 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 of all known TERTs to the 270 amino acid

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

clustering Arabidopsis thaliana TERT with mammalian TER Ts 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 withthe 4rabidopsis motifalignment, the three previously
defined motifs (C, D and E) are denoted by black underbar‘s 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 ﬁ've proteins.

The multiple sequence alignment was then subject to phylogenetic analysis (Figure 1-
10). The resulting tree, unlike the one obtained for Arabidopsis (Figure 1-7), consisted of
four clusterings: yeast (S. pombe, C. albicans and S. cerevz';viae), ciliates (7. thermophila, O.
trifallax and E. aediculatus), plants (4. thaliana and O. sativa) and mammals (mouse,
hamster and human), with the plant cluster most closely related to the mammalian cluster (as
seen f)reviously). The reason the higher eukaryoteé separate into two groups after the
addition of rice TERT (OsTERT) 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 of 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 of additional plant sequences (including the full length OsTERT 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 of plant TERTs show a greater sequence similarity to human,
mouse and hamster than they do to TERTSs 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 oftelomerase in growth and development and to answer fundamental questions

concerning telomere and telomerase function in higher eukaryotes.

Human
S.pombe

C albicans

36 S. cerevisiae

T. thermophila
10i}— g trifallax

E. aediculatus

98

— A. thaliana
AOOB .
— 0. saliva

Mouse
Hamster

Figure 1-10. Phylogenetic Tree of Known TERT Fragments and Oryza sativa
Fragment. TERTSs 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 6f plant
TERT genes also makes possible avenues of research aimed at understanding the effects of
structure and function of TERT on plant lifé cycles. Potential ‘ﬁ,lture studies may include, for
example, exdmining im‘plice}tions for plant cell proliferative capacity by either up-regulating
or down-regulating telo.merase expression. Down-fegulating telomerase'expression may be
a successtﬂ preventative measure against the growth of weeds (inhibitiﬂg root or flower
growth)- or up-regulating telomerase expression may result in increased productivity (an
increased telomerase activity leading to a larger endqspérm and thus improved grain yield
over time). The importaﬁce of plants as staple foods to world economics aﬁd potential of

telomerase research make investigating plant telomerases a promising field of research.




37

| IDENTIFICATION OF RIBULOSEBISPHOSPHATE
CARBOXYLASE/OXYGENASE ACTIVASE IN WHEAT
Introduction
Plants and cyanobacteria have evolved a mechanism of utilizing light energy to reduce
CO, and H,0 to produce carbohydrates and O,. This process, known as photosynthesis,
produces the carbohydrates that serve as ;che energy source for not only the plant itself, but
also for organisms that directly or indirectly consume photosyntheti¢ life. CO, fixation, an
essential stepin photosynthesis, involves a conversion of the enzyme Ribulose—bisphospha’Fe
carboxylase/oxygenase (Rubisco) to an activated state for catalytié competency. The
activation process has been shown to involve CO,, Mg?* and Rubisco activase. For general
interest, the role of 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 1
to 1000 chloroplasts per cell (Voet, 1995) and about half a million chloroplasts per square
millimeter of leaf surface (Campbell,1993). Chloroplasts typically are ellipsoid in shape,
~5um in length and are mainly found in cells of the mesophyll. 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 of chloroplast proteins. A third compartment, the thylokoid, is
surrounded by the stroma and consists of stacks of disklike sacs calied grana. The grana, in
turn, are interconnectea by unstacked stroﬂla lamellae. The thylakoid membrane, arising from
invaginations in the innermembrane of developin'g chioroplasts, contains distinct lipids to give
the thylakoid membrane fluidity (Voet, 19§5 and Campbell, 1993).

Photosynthesis occurs in two phases in plants. The first phase of photosynthesis, or
the light reaction, occuirs in the thylakoids and uses light enéfgy to generate chemical energy
(NADPH and ATP). Specifically, the light réaction utilizes 2H,0 and light energy to produce
20 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
of carbohydrates. The dark reaction includes: 4H and CO, reducing to CH,O and H,0 (Voet,
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-
hgrvesting complexes, consist of arrays of membrane-bound proteins, each containing several
pigment molecules, including chlorophyll and accessory pigments (V oet; 1995). In plants,
the light reaction occurs in two reaction centers, Photosystem I (PSI) and Photosysteﬁ I
(PSII). PSI and PSII are connected in a series, thus enabling the system to generate enough
force to form NADPH by oxidizing H,O in a noncyclic pathway. PSII contains an MN
(Manganese-containing oxygen-evolving) complex that oxidizes two H,Osto four H" and O,.

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).

/ X

z SUGARS CO2

| Oxygenation

\ 3 PG and 2 PG
X R ,y"
RuBP C
/ (2) 3-PG
/
| Carboxylation
\
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Figure 2-1. Photosynthetic (Calvin Cycle) and Photorespiration Cycles. Oxygenation
step (photorespiration): Under low CO2conditions, O2reacts 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): COZ2interacts with RuBP to form two molecules of 3-
PG. 3-PG, in both cycles, generates sugars. Arrows indicate multiple steps, the first ofwhich
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 of 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. CO, and O, levels determine the pathway of RuBP, high CO,
leading to the carboxylation (Calvin cycle) or low CO, (high O,) resulting in activation of the

oxygenation pathway (photorespiration).

Structure of Rubisco

Rubisco is found at very high levels in leaf tissues (éomprising up to 50% of leaf
proteins) and is considered the most abundant pfotein 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 of 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 of eight large subunits,
encoded by chloroplast DNA, and eight small subunits, encoded by a nuclear gene) with a
molecular mass of 560,000 daltons (Bﬁchanan, 1973). The 16 subunit enzyme has the
symmetry of a squélre prism with the catalytic site situated in the large subunit. The

chloroplast rbeL gene encodesthe 55,000-dalton large subunit, which contain two domains.
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The first domain consists of a 3 sheet and the second domain is a folded af barrel enzyme,
containing the enzyme’s active site for CO, fixation (Voet, 1995 and Buchanan, 1973). The
15,000-dalton small subunit is encoded by the rbcS gene and the ﬁmction of this subunit has

yet to be determined (Buchanan, 1973).

Rubisco and the Calvin Cycle

The photosynthetic CO, fixation pathway, or the Calvin cycle (Figure 2-1), is used by
plants to incorporate CO, into carbohydrates. The primary step of the Calvin cycle takes three
~ molecules of Ribulose-5-phosphate (Ru5P) and produces three molecules of Ribulose-1,5-
bisphosphate (RuBP), with the help of ATP and phosphoribulokinase (phosphorylation‘
event). The RuBP, then, is carboxylated (using three molecules of CO, and Rubisco) to yield
two molecules of 3-phosphoglycerate (3-PG). The 3-PG molecules continue on in the Calvin
cycle to produce several photosynthetic intermediates. Sﬁgar 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, RuSP. The

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

Rubisco and Photorespiration

At low CO, and high O,, however, photorespiration occurs, not photosynthesis

(Figure 2-1). Inthis cycle, O, competes with CO, as a substrate for Rubisco. The oxygenase
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activity of photorespiration, similar to the Calvin cycle, begins with Ru5P as the initial
substrate. Also, similar to the Calvin cycle, Ru5P undergoeé phosphorylation to produce
RuBP. It is at this step that entry into thé photorespiratory cycle may occur. Rather than é
carboxylétion event, RuBP is subject to an oxygenation reaction, catalyzed by Rubisco. In
the oxygenation reaction, O, reacts with RuBP to form one molecule of 3-PG and fwo
molecules of 2-phosphoglycblate (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 CO,, both of which are
used immediately for the regeneration of 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 of CO, that could potentially be fixed by
photosynthesis (Spreitzer, 1993; and Tolbert, 1973). In a healthy plant, photosynthetic (-Z‘O2
fixation usually dominates over photorespiratory CO, 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 of Rubisco increases
more rapidly with increased temperatures than does the cérboxylase activity (Tolbért, 1973
and Voet, 1995). Loss of CO, is one limiting fact.or photorespiration poses on the growth
of many plants. An additional problem with photorespiration is energy used. The reéycling
of 2-PG into 3-PG is a costly reaction, requiring a large machinery consisting ;)f 16 enzymes
and six translocators (Dotice, 1999) as well as a great deal of energy. RuBP oxygenation

does not lead to significantly more energy consumption than does RuBP carboxylation, but
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rather considerably less energy is conserved (Ogren, 1984). Questions arising from these
studies include: what is the function of 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 ﬁtilizing C3,C4 and
CAM photosynthetic pathways all possess differences in adaptation and productivity (Brown,
1 953). The C3 pathway, the most primitive of the groups, is utilized by most piants, including
grains and most flowering plants (Campbell, 1993). The C3 plants use the method of CO,
fixation described above, using the Calvin cycle to incorporate CO, into orgénic mate‘ri‘al,
with high CO, (within the air space of the leaf) concentrations leading to photosynthesis and
low CO, concentrations ieading to photorespiration.

To avoid the photorepiration problems of 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 and Voet, 1995). C4 plants differ from C3 plants in two distinct
ways: 1) anatomy and 2) photoéynthetic 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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C3 Leaf C4 Leaf

Figure 2-2. C3 and C4 Leaf Anatomy. 1. 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 CO2assimilation 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). COZ2from 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 CO2is fixed by Rubisco. As the rate of PEP carboxylation and malate de-
carboxylation exceeds the rate of RuBP carboxylation, the CO2concentration is maintained
and RuBP oxygenation is decreased, minimizing or altogether eliminating photorespiration.
Thus, C4 plants have evolved a more efficient mechanism ofphotosynthesis, although at the
expense of consuming five ATPs per CO2fixed versus three ATPs required by the Calvin

cycle. In addition to decreasing photorespiration, the C4 cycle also results in higher

PEP HCOf----- > 0OAA Malate
Pyruvate
Mesophyll Cell
Pyruvate _I_ mMalate
COo Calvin cycle

Bundle-sheath Cell

Figure 2-3. C4 Metabolic Pathway for Concentrating CO2 Mesophyll Cell: CO2enters
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 CO2and pyruvate.

The CO2then enters the Calvin cycle where 3-PG is produced.
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photosynthetic rates, more efficient use of water (resulting from higher photosynthetic rates
and stomatal conductance), and more efficient use of nutrients (due to increased
photosynthetic rates and a lower investment of synthesizing nitrogen in Rubisco) (Brown,
1993). |

CAM (Crassulacean acid metabolism) plants have evolved a different version o’f the
C4 pathway. CAM plants are often desert-dwelling succulent, or water storing, plants (Voet,
1995). Rather than separating CO, aéquisition and the Calvin cycle by tissues (as in the C4
pathway), CAM plants separate CO, acquisition and the Calvin cycle by time (Voet, 1955).
In C3 and C4 plants, the stomata open during the day to acquire CO,. Desert-dwelling plants,
however, e_wbid this mechanism as the opening of stomata during high temperatures would
result in excess water loss. Rather, CAM plants absorb CO, at night and store it in the
Crassulacean acid metabolism pathway in the form of malate, similar to the C4 péthway
(Figure 2-3). The stored malate is broken down to CO,, during the day, and is then free to

enter the Calvin cycle.

Regulation of Rubisco

Rubisco must first be activated by a number of factors before it can participate in
either photorespiration or photosynthesis. The Rubisco holoenzyme is assembled in a
catalytically inactive form and is ac“;ivated by the binding of an activator (CO,) followed by
addition of Mg** on the Rubisco large subunit, near the active site (Lorimer, 1980). Also
necessary for Rubisco activation is catalysis of the above process by Ribulose-bisphosphate

carboxyiase activase, or Rubisco activase, in an ATP-dependent reaction (Streusand, 1987).
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Kinetic and physical studies have established that the activation of Rubisco involves
the addition of CO, and Mg**(Lorimer, 1980). The activator CO, was found to bind, in the
form of a carbamate, to the e-amino group of the lysine 201 residue of the large subunit of
Rubisco (Lorimer, 1980). The carbamlyation réaction is promoted by a slightly alkaline pH
and completes the formation of a binding site for the Mg**, also necessary for activation
(Garrett, 1999). Carbamylatiqn is spontaneous, but cannot occur if the active site of Rubisco
is occupied by a sugar phosphate (such as Ru5P). An increélse of RuSP concentration ‘(in the
cell) is actually known to inhibit carboxylation, as RuSP binds tightly to decarbamylated and
carbamylated sites. Thus, after lMg2+ binding, tmhe release of RuSP from the active si'te of
Rubisco is necessary. This action is mediated by Rubisco‘ activase, a regulatory protein that
bindsinan ATP-dependent reaction. Rubisco activase couples the energy of ATP hydrolysis
to the release of inhibitory sugar phosphates (RuSP) bpund to carbamylated or de-

carbamylated Rubisco active sites.

The Role of Rubisco Activase

Rubisco activase was first isolated from spinach extracts (Werneke, 1988) and is
known to in'crease the proportion of active Rubisco by promoting dissociation of tightly
bound sﬁgar—phosphates (including Ru5P) from the active site of Rubisco (Salvucci, 1993). -
Without Rubisco activase, the sugar-phosphates would not be removed, resulting in either
blocked carbamylation or inhibition of catalysis by binding to the active site of carbamylated
Rubisco (Salvucci, 1993). Hydrolysis of 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 of Rubisco for sugar—phoéphates (Streusand, 1987).

Rubisco activase has been studied in a variety of higher plants, including Arabidopsis
thaliana, barley, sp.inach, cucumber, and tobacco (Werneké, 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 of two polypeptides of 46 and 42 kDA (Werneke, 1989). Further evidence
showed that the two polypep;cides arise from alternative splicing of 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 of catalyzing Rubisco .
activation in vitro (Zielinski, 1989). In maize leaves, howeyer, only the smaller polypeptide
is present (Salvucci, 1987) and in baﬂey, Rubisco activase has been found to be encoded by
two closely linked genes, RcaA and RcéB (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 (4rabidopsis 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 of pre-mRNA splicing has been conserved
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among both monocots and dicots and thus pressure to preserve the structure of the

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

Structural Fgatures of Rubisco Activase

Comparison of known Rubisco activase sequences, along with structural studies,
reveal conserved structural features of higher plant Rubiscé activase. Conserved structural
features iﬁclude: 1) nucleoti;ie 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 of the N-terminal (specifically amino acid Trp16),
and 5) role of Asp amino acid at positions 231 and 174. |

As Rubisco activase requires ATP for activity, it is not surprising that multiple régions
of nucleotide binding (P-loops) have been found. Two regions of 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 6f bound nucleotides, and ﬁas been found to be
essential for both Rubisco activase and ATPase activities. Point mutation studies, replacing
Lys171 with Arginine, Isoleucine, or Threonine, resulted in nonfupctional Rubisco activase
and ATPase activity (Shen, 1991). Thié conserved lysine residue was also found in additional
diverse ATP utilizing enzymes including adenylate kinase, bacterial ATPase, and various
oncogenes (Sheﬂ, 1991). |

Zielinski et al., 1989, showed that the aécumplation 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 of RcaB and RcaA of barley. have been identified (Rundle, 1991). RcaA
contains putative BoxIl/BoxIII-like sequences at positions -87, -110, and -185, previously
identified as sites of interaction of DNA binding proteins in the promoter of the Rbcs-3A
(Rubisco small subunit) gene of 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 éene‘, or chlorophyll a/b-binding protein, is a major
structural component of 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 nﬁay 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 promot.ers 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).

Three ATP binding domains have also been found in tobacco (Salvucci, 1993 and
Salvucci, 1994). From these studies, it was determineci 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-loop (residues155-164) and the
second from a distinct region of 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 of the N-terminué led to the discovery that: 1) deletion of
the first 50 amino acids from the N-terminus led to the inability of Rubisco activase to écti‘vate
Rubisco, and 2) modification of Trpl6 (previously identified By Salvucci, 1594 to be
conserved among all Rubisco activase species) with Ala or Cys also led to an inability of
Rubisco activase to activate Rubisco (van de Loo, 1996). It has thus been hypothesized that
Trpl6 may either mediate a conformational charige, 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 Aspl74 in binding of ATP/l\/’Ig2+ have been ascribed
‘(van de Loo, 1998) via point mutation studies in tobacco. From these studies, it was
determined that mutations of Asp231 and Aspl74 did not prevent ATP binding, but did
prevent aggregaﬁon into higher-ordered oligomers and consequently prevented the catalysis
of ATP hydrolysis, regardless of binding to ATP. Thus, point mutations at Asp231 and
Aspl74 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, wheéf. In this report, we prese:nt evidence showing that wheat Rubisco activase
is encoded by two génes,_ WRcaB and WRcaA. These genes are cql‘osely 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 of the protein..
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Materials and Methods

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

A 500ng/u] 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 1% agarose gel with 0.5..g/ml ethidium bromide and was visualized by
UV,,, light to check quality.

The resulting RN Ase-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-1 (for)-exact, 5'-GAC GAC CAG CAG GAC

" ATC AC-3"; Bacact-2 (for)-exact, 5'-“TAC GAG TAC ATC AGC CAG GG-3'; Bacact-2B-29

(rev)-exact, 5'-CTT GCG CAC CTC GTC GTC GTA-3"; Cact-1 (for)-deg., 5'-GAY GAY
CAR CAR GAY ATH AC-3'; Cact-2 (r”ev)-deg., 5-RAARAARTCDAT NSW YTG NCC; |
and Cact-2B (rev)-deg., 5'-TTN CKN ACY TCR TCR TCR TA-3'. TUB group codes, to
signify degenerate sequences, are aé 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-1

(for)-deg. and Cact-2 (rev)-deg., Cact-1 (for)-deg. and Cact-2B (rev)-deg., Bacact-2 (for)-
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exact and Cact-2 (rév)-deg., and Bacact-2 (for)-exact and Cact-2B (rev)-deg. A 50ul PQR
reaction containing 0.5.g wheat DNA, 250uM of each primer, 1 unit of elongase enzyme
(Life Technologie_:s), 0.1mM dNTPs, 1.5mM Mg™, in buffer B (provided by manufacturer)
was made for each of 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 1 minute, 48°C for 1 minute, and 68 °C for 2 minutes. PCR products from Bacact-1
(for)-exact/Bacact-2B-29 (rev)-exact and Ce;ct-l (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 5.1 of PCR
product from primer sets 1) Bacact-1 (for)-exact/ Bacact-2B-29 (rev)-exact and 2) Cact-1
(for)-deg./Cact-2B (rev)-deg were used as template. The primer sets used to nest, into both
of 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)-;:xact and Cact-2 (for)-deg., and
Cact-1 (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 purirﬁ’ed, cloﬁed, 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 10u1 of water. 1ul of the resulting DNA was re-
checked for purity on a 0.8% agarose gel. A 3.5ul aliquot of gel-purified DNA was added

inthe ligation reaction with the pGem-T vector (according to the manufacturers instructions) -
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and transformed into JM109 competent cells (Promega). The clones were screened for

inserts of the desired size and used directly in sequencing reactions.

Sequencing of Clones

Sequencing reactions were set up for the ABI PRISM 377 as describéd by the ABI
PRISM Dye Terminator Cycle Sequencing Ready Reaction Kit (Perkin Elmer). For each
20w reaction, 0.2ug of bNA, 3.2 p‘mole‘ primer, and 41 BIGDYE mix (A-Dye Terminator,
C-Dye Terminator,. G-Dye Terminator, T-Dye Terminatof,. dITP, dATP, dCTP, dTTP, Tris-
Hcl (pH9.0), Mg'C‘l2 thermal stable pyrophosphétase, and AmpliT'aq DNA Polymerase) were
mixed and placed in the GeneAmp PCR syétem 9600. Thermal C};cling 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 prhoducts 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 univers‘al primers SP6 (5'-ATT TAG GTG ACA
CTATAG-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-1 (for),

5'-KCA TCA ACC CCA TCA TKA TKA KCK-3' (K=G + T).

Cloning ofthe Complete Rubisco Activase “B” Gene (WRcaB) from a Wheat cDNA Library

A lamba ZAPII wheat cDNA library was generously donated by Dr. Karen Browning,
University of Texas. The library contained pBluescript KSII as the cloning vector and an

E. coli XL1-Blue host cell line. The host cells were prepared by placinga colony into a flask
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containing 50ml LB, 0.1g maltose, and 0.5mL 1M MgSO, with shaking overnight at. 37°C.
The cells were centrifuged and resuspended in 25ml cold 10mM MgSO,.

The library was first titered to determine phage particle.concentration. A series of
dilutions were set up in SM buffer (5.8g NaCl, 2.0g MgSO4/7HZO, 50ml 1M Tris pH 7.5,
5mL 2% gelatin, and 1L of water) to make 10-fold serial dilutions ranging from 10 to 10° fold
diluted. The above dilutions (10u1) were then mixed with 200.1 XL1-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 plaltes. The plates were incubated
overnight at 37°C and resulting plaques wefe counted and used in the following equation to
determine titer: pfu/m1= # piaques/ul used - dilution factor - 1000u/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 10%.1 (10° pfu/100mM) 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. 2ul plaque/SM buffer mix
aliquot was first heated at 100°C for 5 minutes to denature the phage protein coat. The first
round PCR reaction was comprised of 2ul denatured i)laque/ SM mix as template, 250uM
primers,-0.1mM dNTPs, 1 unit of Tfl polymerase, and 1 .5mM concentration of MgSO, in 711
buffer. PCR conditions included a‘2 minute denaturati(;n step carried out at 94°C follc;wed

by 40 cycles of 94°C for 1 minute, 55°C fbr 1 minute, and 68°C for 2 minutes. The sample
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showing the band of the cortect size was then used as template to make the NZCYM plates
in the second dilution series. |

The second dilution series consisted of adding 5u1 phage stock (which broduced a
positive signal in round one PCR) tc; make three 10° pfu/plate and three 10° pfu/plate
dilutions. As before, 1u1 of each dilution was added to host cell and incubated, pouired into
top agarose and incubated overnight on NZCYM plates. From the second dilution plates,
plaques in groups.of 100 were isolated using the sméll end of a disposable pipette and placed
in 50041 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 50u1 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 of 20 cycles r;lther 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 10%/plate and three at 10%/plate samples. After incubating overnight, plaques
were isolated in grbups of 10 and placed into 100.1 of SM iauffer overnight at4°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.of 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 1001 SM buffer. The -
plaques were PCR screened (as above) and the individual plaque containing wheat Rca was

identified.
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Invivo Excision of cDNA from Phage and Sequencing

The in vivo excision of the individual phage lysate was achieved by adding 25u1
individual phage lysate‘in SM buffer to 2001 XL1-Blue host cells and 1.1 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 SK RPM for 5 minutes (to remove cell
- debris), and the resulting Phagemid stock (supernatant) was recovered. After diluting the
phagemid stock (1:1‘00), 511 was added to 2001 host cells and incubated at 37°C for 15
minutes. A total of25u1 was plated.on an LB-amp plate and incubated overnight. Plasmids
were prepared from the resulting colonies via the W‘izard 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 M13 forWard (5'-CCCAGT CACGAC
GTT GTA AAA CG-3") and M13 reverse (5'-AGC GGA TAA CAATTT CAC ACA GG-3")
were used to confirm squencé. 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: WRA1 (for), 5'-GAC CAC CTT CCT CGG GAA GAA-3'; WRA2 (for):S '“GCATGG
AGA AGT TCT ACT GG-3"; WRAS (rev), 5-TTC ACC GTG TAC TGC GTC GTC C-3
WRAG (rev), 5-AAG GTG TCC ACC AGC CTC A-3' WRA7 (rev), 5'-CTC GCT GAG
GTA CTT GTC GG-3'; WRAS (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 thé program Sequencher
(v. 3.1.1) and the entire WRcaB gene was submitted to GenBank, accession number .

AF251264.

Cloning ofthe Complete Wheat Rubisco Activase “A” Gene (WRcaA) 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 CCGTTG
G-3"). This primer was used in conjuncﬁon 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: 3ul of the wheat cDNA library was added
to 7ul SM buffer and heated at 100°C for 5 minutes priof to use. After heating, the sample
was spun down and 1.1 was used as template in each reaction. Along with template, 1 unit
of TfI polymerase, 0.1mM dNTPs, 250uM primers, and 1.5mM MgSO, and 71! buffer were
added. PCR conditions included a 2 minute denaturation step at 94°C fo.llowed by 30 cycles
0f 94°C for 1 minute, 48 °C for 1 minute, and 68°C for 2 minutes. The different primer sets
tested were: WRA (for) and Barley RA-2 (rev), WRA2 (f.or) and Barley RA-2 (rev), WRA3
(for) and Barley RA-2 (rev), Baéact-2 (for)-exact and Bérley RA-2 (rev), and Bacact-1 (for)-
exact and Barley RA-2 (rev). As the primer set WRA?2 (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
of the cDNA library.

The DNA fragment, produced by WRA?2 (for) and Barley RA-2 (rev), was sequenced
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to confirm it encoded Rubisco activase. The 507 bp band of interest was gel purified (via
pulp-spin method), cloned and sequenced. A 3.5ul aliquot of the gel purified product was
used in the ligation reaction during cloning with the pGem-T vector system (Promega), along
with 5.1 2X buffer, 0.5u1 pGem vector and 1.1 of T4 DNA ligase. The ligation reaction was
then used in the transformation process into JM 109 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 M13 (reverse).

The PCR screening of the wheat cDNA library for the entire WRcaA gene was similar
to the screening protocol seen above for detection of 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 lyséte is described above (In .vivo

Excision of cDNA from Phage and Sequencing).

Multiple Sequence Alignment of 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 setat default. The Blossom series of 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
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Clustal W (v. 1.74) (Higgins 1991). All parameters were set as above, and GenBank
accession numbers for sequences used’in the ahgnment were as follows BRcaAl, M55449;

BrcaB, M55449 BRcaA2, M55447 WRcaA, (unpubhshed fragment) WRcaB, AF251264
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Results and Discussion

Identification of 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 dé generate primers derived from the
barley BRcaB gene. Of 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 hactivase gene. Nested PCR |
- reaction were performed on both samples above using two different primer sets. One primer
set (Bacact-2 (for)-exact and Ca'ct-2 (rev)-deg.) successfully produced a product estimated
to be the correct size in both PCR samples. Sequencing both PCR products resulted in tV\.IO
distinct 208 amino acid (626 nucleotide) fragments of the WRcaB gene. The two fragments,
WRcaBl and WRcaB2, differed at 17 nucleotide positions (these differénces did not result
in any amino acid substitutions). To further check these results, and rule out sequencing
error, additional PCR reactions were performed and prociucts were cloned and sequenced.
Sequence analysis of eight total clones revealed three distinct fragements, WRcaB1, WRcaB2
and WRcaB3 (Figure 2-4). This ﬁnding, however, is not surprising as th_e wheat genome is
hexaploid (AABBbD) and gene variations from the three genomes have previously been

noted (Sallares, 1995).

Identification of the WRcaB Gene in Wheat

After identification of the partial WRcaB fragments, we set out to clone the full-length
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WRcaB2 421 AACACCAGCTCGCACTGGAACGACTTGCCCTGTCCCTTGCCTCCCCAGATGCCCAGGATG
WRcaBS TR

W RcaBlI OSSR

WRcaB2 481 AGAGGGACCTTGATGTTGGGGAGCGTCATGAAGTTCTTGGCGAGGTGGACGATGAGCTTG
WRcaBS AB L e ettt e et e et e ettt et e et et e et e st e et e et n et e e anetesaes

W RcaBlI 481 ... A s 1 I

WRcaB2 541 TCCATGAATGCCGGGGCGATGTAGAGCCCGTCCATGGTGTTGTCGAAGTCGTACTTCCGC
WWRCABS 541 oot e ettt et e eee e e e e e e ee e eeteeeeeeeeeeeeeseeeeeseeeeeeeesee e e s e et et e eeeee s eeeeee et e e e e eeeeeeee et e et et et ee e e et ene et eet et eeeenaeeen

WRcaBlI 54T G o T o

WRcaB2 601 AGGCCCTGGCTGATGTACTCGTAAAT
WRcaBS B 0 L o
WRcaBlI BOL et

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 NY
CGTCGACCCCGACCACCTTCCTCGGGAAGAAGGTGAAGAAGCAGGCCGGTGCGTTGAACTAC

Y H G G N K I NNIRV V R A M A A K K E L
TACCATGGTGGCAACAAGATCAACAATAGGGTGGTCAGGGCCATGGCGGCCAAAAAGGAACT

D E G K Q T b A DR WK G L A Y D 1 S D D
TGACGAGGGCAAGCAGACCGATGCCGATCGGTGGAAGGGTCTCGCTTACGACATCTCCGATG

Q Q Dl TR G K G 1V D SLTFOQAPMG D
ACCAGCAGGACATCACGAGGGGGAAAGGCATCGTGGACTCCCTGTTCCAGGCCCCCATGGGC

G T H E A 1 L § S Y E Y I §$ Q G L R K Y
GACGGCACCCACGAGGCCATCCTGAGCTCCTACGAGTACATCAGCCAGGGCCTGCGCAAGTA

O F DN TMDGUL Y I A P A F M D K L I V
CGACTTCGACAACACCATGGACGGGCTGTACATCGCCCCGGCGTTCATGGACAAGCTCATCG

H L AK N F M TL P N T K V P L I L G I W
TCCACCTCGCCAAGAACTTCATGACACTCCCCAACATCAAGGTCCCTCTCATCCTGGGTATC

G G K 6G Q G K S F QG CEILVTE EAZIKMG 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 GR M G G T T Q Y T V N
TTCATCAACGACCTGGACGCCGGCGCGGGGCGGATGGGCGGGACGACGCAGTACACGGTGAA

N Q M V N A T L M NI A D A P T N V Q F P
CAACCAGATGGTGAACGCCACCCTGATGAACATCGCGGACGCGCCCACCAACGTGCAGTTCC

G M Y N K E E NP R V P I I V T G N D F S
CGGGGATGTACAACAAGGAGGAGAACCCACGCGTGCCCATCATCGTCACCGGCAACGACTTC

T L Y A P L I R DGR M E K F Y W A P T
TCGACGCTGTACGCGCCCCTCATCCGGGACGGCCGCATGGAGAAGTTCTACTGGGCGCCCAC

R E DR I G V C K G 1 F R T D N V P D E A
CCGGGAGGACCGCATCGGCGTGTGCAAGGGCATCTTCCGCACCGACAACGTCCCCGACGAGG

vV vV R L V DT F P G Q S 1 D F F G A L R
CCGTGGTGAGGCTGGTGGACACCTTCCCGGGGCAGTCCATCGACTTCTTCGGCGCGCTGCGG
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A R VY D D E V R K W V G E I G V E N I S
GCGCGGGTGTACGACGACGAGGTGCGCAAGTGGGTCGGCGAGATCGGCGTCGAGAACATCTC

K R L VN S R E G P P T F D Q P K M T I E
CAAGCGGCTCGTCAACTCCAGGGAGGGGCCGCCGACGTTCGACCAGCCCAAGATGACCATCG

K L M E Y G HMTULVY QEQENVIKR RV OQ
AGAAGCTCATGGAGTACGGCCACATGCTGGTCCAGGAGCAGGAGAACGTGAAGCGCGTGCAG

L AD K Y L S EAAL G QA NDIDA AMAT
CTCGCCGACAAGTACCTCAGCGAGGCGGCGCTCGGCCAAGCCAACGACGACGCCATGGCGAC

G AFY G KG
CGGCGCCTTCTACGGCAAGTAGAAAGTCCTATACTTAAGATGCATGCGTGCATGCATGCACT

ATATATATGCTGGAATATTTTGGACTCGAATCCACTCAAACTTTTTGATTCATCGCCGCACA

GGTAGCCCAATTGTAAGTCTCTTCTTGAAAGAGAATCCAATTGTATATGTTTTCGTATTGCC

TATATAAAAAAAAAAAAAAAAAAAAAAAAA

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 awheat cDNA library by PCR. The screening resulted in the
identification ofone 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 0f432 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 of 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 36 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 frégment (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 of 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 FDNTM G G
GCTCCTACGAGTACGTCAGCCAGGGCCTGCGCAAGTACGACTTCGACAACACCATGGGCGGG

L vy 1 AP A F M DKL SV HL A K NF M T
CTGTACATCGCCCCGGCGTTCATGGACAAGCTCAGCGTCCACCTCGCCAAGAACTTCATGAC

Il P N 1 K I P L I L G I W G G K G Q G K
AATCCCCAACATCAAGATCCATCTCATCTTGGGTATCTGGGGAGGCAAGGGTCAAGGAAAAT

S FQ C E L V F A K MG I NP 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 GG K M C C L F I N D L D A G
TGCCGACATGATCAAGAAGGGTAAGATGTGCTGCCTCTTCATCAACGATCTTGACGCCGGTG

A G R M G 6 T T Q Y T V N NOQMV N A T L
CGGGTCGGATGGGCGGGACCACACAGTACACCGTCAACAACCAGATGGTGAACGCCACCCTA

M NI A DAPTH V QL P G M Y N K R E N
ATGAACATCGCCGATGCCCCCACCACGTGCAGCTTCCAGGCCATGTACAACAAGCGGGAGAA

P R V P I Il v T G N D F S T L Y A P L
CCCACGCGTGCCCATCATCGTCACCGGCAACGACTTCTCGACGCTGTACGCGCCCCTCATCC

R b GG R M E K F Y W A P TR E DR I G V C
GGGACGGCCGCATGGAGAAGTTCTACTGGGCGCCCACCCGGGAGGACCGCATCGGCGTGTGC

K G 1 F Q T D NV § D E S V V K I VvV D T F
AAGGGTATCTTCCAGACCGACAATGTCAGCGACGAGTCCGTCGTCAAGATCGTCGACACCTT

P G Q S 1 b F F G A L R AR V Y D D E V
CCCAGGACAATCCATCGACTTTTTCGGTGCTCTGCGTGCTCGGGTGTACGACGACGAGGTGC

R K w v T § T G 1 E N I G K K L vV N § R D
GCAAGTGGGTGACCTCTACCGGTATCGAGAACATTGGCAAGAAGCTTGTGAACTCGCGGGAC

G PV T F E Q P K M TV E K L L E Y G H M
GGACCAGTGACGTTTGAGCAGCCAAAGATGACAGTCGAGAAGCTGCTAGAGTACGGGCACAT

L V Q E Q DNV KIZ RVYVYOQLADTYMSOQ
GCTCGTCCAGGAGCAGGACAATGTCAAGCGTGTGCAGCTTGCTGACACCTACATGAGCCAGG

A A L G D AN QDA AMK T G S FY G K G A
CAGCTCTGGGTGATGCTAACCAGGATGCGATGAAGACTGGTTCCTTCTACGGCTAAGGGGCA
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Q Q G T LPVPAGT CTUDUGQTATZKNTF A
CAGCAAGGTACTTTGCCTGTGCCGGCAGGATGCACCGACCAGACTGCCAAGTCAGCTCCCC

P T AR SD S C L Y TF
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 ofboth the WRcaA and WRcaB genes, we conducted a multiple
sequence alignmentto existing Rcagenes ofbarley 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 ARcaand SRca. As WRcaA shows 804% 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 moﬁfs previopsly found in barley and tobacco (Werneke, 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 atresidues155-164 and 210-220
inFigure 2-7. The ATP binding domains have thus been found inall deduced Rubisco activase
polypeptide sequences, consistgnt with the observation that activation of Rubisco activase in
vitro requires ATP (Rundle, 1991).

In this initial sﬁdy, we have determined that two genes encode Rubisco activase in
wheat and that both genes have a high degree of similarity to previously identified Rubisco
activase genes. Further studies may look at alternative splice patterns in wheat Rca genes,
with the intent of determining physiological significance for two forms of Rubisco activase.
As Rubisco activase activity has important implications in photosynthesfs, the alterna;cive
splicing may impart an advantage or be essential to photosynthesis in higher plants. Further
analysis of structure and function of Rubisco activase may one day enable us to modulate vthe
activation level of Rubisco leading to a far impréved ratio of 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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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 ofeach 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 represenf an amino acid

conserved within at least five or more proteins and the grey boxes represent similar amino

acids. Spemes abbreviations are as follows: ham., hamster; m., mouse; h., human; Ea.,
Euplotes aediculatus;, Ot., Oxytricha trifallax; Tt., T etrahymena thermophzla At.,

Arabidopsis thaliana;, Sp., Schizosaccharomyces pombe Sc.,Saccharomyces cerevisiae, and
Ca., Candida albicans.




ham.

Ba.
Ot.
Tt.
At.
Sp.
Sc.
Ca.

ham.

Ba.
Ot.
Tt.
At.
Sp.
Sc.
Ca.

ham.

h.

Ea.
Ot.
Tt.
At.
Sp.

Ca.

80

| ---- BerAPgCRA--- —-- VRALL  QYRQHWPLAT FffiRRBGPEgRQ LFIQPGDPKVFRTL
i === QTRAPgCPA-—— ——-— VRSLL as ryreBwplatf| rrHgpeSrri| qpgdpkiyrtl
| ---- JrrAPfICRA--- ——- VRSLL  HYREFfILPLAT EFIRRFIGPQfIWR L |Q RGDPAAFRAL
I - gEVDVDNQADNHG- IHSALKTCEEIKEAKTTfjYSWIQKffIIRCRNQSQS-
1 MSAKKPVQSILNIGNPTIPVTSNRS!APKPOPGQPQFjENQEKKQQSQNTTTGAFRSNQNN
I MQKINNINNNKQMLTR----------- KEDLLTVLKQISALKYVSNIYEFLLATEKIVQT----------
|- BpRKpl hRVP----------- El LWjgLFGNRARNLNDAgVDWIPN- - RN|QPEQCRCRGQG
| fFITEHHTPKSRILRFLENQY-V---------- YLCTLNDYVoB 1rl sPASSY------ SNICER
I MKILFEFIQDKLDIDLQTNS------------- TYKEN HFfIKCE
| MTVKVNEKS S1LQYBI DN TSN DVPLL-
51 VARCmVCffIPgDSQP PPADLS FHQQSSLaELHARV— VQRgCERG
51 VAQCgVCgHgGSQPPPADLS FHQgSSLaEL HARV— VQRGCERN
51 VAQCgVCgPaDARPPPAAPSFRQffISCLQELHARV— LQRffICERG
47 HYKDFIEDMKIFAQTNIVATPRD YNEEDFKVffIARKE— VFSTGLM
61 ANSGGNGNFELDDLHLALKSCNEffIGSAKTLFCFFMELQKUNDKIPSKKNT----- ELgKNDP
50 SELDTQFQEQLTTTHASEQNLVENYKQKYNQPN------- FSQLTI-
49 CLGCSSDKP-AFLLRSDDPIHYRKLLHgCFgvLHEQTPPQLDFS
48 L Rsdvgts--lsiflhstvvgfds--KPDEGffIQFSSPKcs— gs
30 HFNG|deHI TTCFALPNSRKIALPCL------- PGDLSHKAVIDHCII
27 PSLKEYQETVLVYKS IKRPLPAg------ |PQESFDEFMKEOVTRL
93 E
93 E
93 A
89 IELIDKCLVELLSSSDVSDRQ 1gLQC

118 QFQYFCHNTILCTEQSYDEKTIEKLAKLEYKLEYKNSYIDMISKVIKELLIENKLNffILQT
90

92 PTS WWSQ 1E|
86 ELIANVVKQMFDESFERR
71 YLLTGELY Ng
67 VMEKS nBBI
TELS
98 TggF -GAQGGPPQTFTTSVRSYLPN-
98 AggFEl -earggpp| aftssvrsylpn-
98 AgfflIFAgDD -GARGGPPEAFTTSVRSYLPN-
114 FGFQLKg -QLAKTHLQTALSTQ- -KQYFFQDEgNQffIRA
178 FGYKLi - EFGNQNHffIGMMQQNQDSSHNSNFMVKCDY | ------- ggNKQCgIgKNffIEKFfIYF
94 DDSII -NKQNYV-------- QQIGTTTIGFYVEY- -E-NIffIISRQTB g INgRN
103 ERIIEI -SGCDCQNgICARYDKYDQS SPILIg SISgEF
MKgFSgNH --EDFRAMHVNGVQNDLVSTFP----—- —  Hi1iSk b I'
TBffl-YKgA -RNEDVN--------- NSLFCHSA 1Snv 0 'TAAQKIFHS
-YKTS -AMESRS--------- IFTTFHSSG----mmmmme =mmmmes 1filthh|jtBhnBstO fs

TELS TEL4



ham.

he
Ea.
Ot.
Tt.

At.
Sp.

ham

Ea.
Ot.
Tt.
At.
Sp.
Sc.
Ca.

ham

Ea.
Ot.
Tt.
At.
Sp.
Sc.
Ca.

81

RAS L\mQ,CCH:L (ﬁTAElV\FS\d:N?T*@(R
HCA® B LVPPSCA~YQVCGSPLYQICATTDIWPSVSASYRT-RPVGR

rcaSHh LVAPSCA-YQVCGPPLYQLGAATQARPPPHASG-PR-RRLG-
YKYLIFQRTSEGTLVQFCGNNVFDHL

YKEYMBIKTRDESLVQISGT NIFCY
DFLVFTKVEQNGYLQVAG IVCLN
ILLGKKH-QQVSGPPLCIKHKRTLSVHENKRKRDDNVQPPTKRQW---------
ISKGSpJEALPNDNYLQISGIPLFKN N
INYTHIQFNGQ FFTQ
bnnkgQ skv ngesv

TEL4

201 nfthlgsth| vrnsshqgeawkppplpsreakrslsitnrsvppskkarcdlaprlekgpy
201 nftnirflqgiksssrqeapkplalpsrgtkrhlsltstsvpsakkarcypvprveegph
199 -—---memeeeee- ce§awnhsvreagvplglpapgarrrggsasrslplpkrprrgaapepertpv
186 KVNDKFD------- KKQKG
269 LNEKLGRLQAAFYEGPNKNAAN
176 QYFS--VQViIiQKKWYKN-NFNMNG
201 I1ssavddcp| ddsatitpivgedvdghrekkttkrsriylkrrrkgrkvnfkkvdcnapc
190 -VFEETVS--—--- K-KRK

141 QIFG-DVNs| r

261 rqgavptpsdk-twvpnpakshavpisrttkedlssgv--kapglslsg-svcykh]|
261 RQVLPTPSGK-SWVPSPARSPEVP----TAEKDLSSKG--Kv| dLSLSG-SVCCKH
252 GQGSWAHPGR-TRGPSDRGFCWSPARPAEEATSLEG— Al 8 GTRfSHPSVGRQhI

(I T J GAADMNEP R CCgTCKYNVKNEKDHFLNNIN
291 e SAAQGSNPEANDLISAEQRKI - -NTAIVMKKTHKYNIKAADES YLTNQE
197 e KATSNNNQNNANLSNEKKQENQYIYPEIQRgQIFYCNHMGREPGVFKSS
261 ITPSTNGKVSTGNDEMNLHIG— INGSLTD------- FVKQAKQVKRN;jjjiNFKFGLSETYSVI P
20 1 —mmmmmmmmmmmeeeee RTIETSIT Q NkBaRKEVSWNSIS IS |fSIF
<Y RSSSSSAT | aQi SqLTEPVTNKQFLHK
151 BAVVVSKYITiFNVL
317 SLQSPLCOQNAFQLRP-YTET JLYSREGG--RERLNPSI ILNNgQj

314 SLLSPPRQNAFQLRP-FIET  11YsrRGDG— QERLNPsI ILSNpQj
309 STSRPPRPWDTPCPPVYAET  JLYSSGD-—-KEQLRPSf |LSS|
228 VPNWNNMKSR----------mmm-- T-  IYCTHFNRNNQFFKKHEf Js— NBNNI
338 KGFWDDQIKR-------mmmmmmmo- N-  jYCAHQNR--—--FFQKH--HL--NSKi IQQQIRDN-
246 FFNYSEIKKG---------mmm- FQF PIQEKLQGR--QFINSD----—-K--RRBDHPOTITKKT-BT,
315 PNHILKT ISINCIDS
231 YRSSYKKFKQ----nmmmmmmmmev DLYFNLH SICDRNTV]
191 LNINSSSFFP Y S-K B1" sl sl
166 YNSYSRDFSR------mmmmmmmmn F- -E-M-
TEL3



ham

Ba.
Ot.
Tt.
At.
Sp.

Ca.

ham

Ba.
Ot.
Tt.
At.
Sp.
Sc.
Ca.

ham

Ba.
Ot.
Tt.
At.
Sp.
Sc.
Ca.

ham

Ba.
Ot.
Tt.
At.
Sp.
Sc.
Ca.

374
371
366
276
381
291
338
264
219
194

423
420

324
263
224

461
457
467
363

521
517
527
422
527
441
511
409
349
318

82

LpjRIRTSGPLCGRRRLS-
I| srBrtsgplcrthris-

1oV Ficowem

LgSRgWMPGTPRRLPRLP- -C®wqgSrpBfle [HAQCPHGV
TNiFRFNRIRK---mmmnnnnemeem -jij| LKDKFFIEK]j|AY "DFNgNY ¥
KEgFGFNRVRA--------------- -ELKGKgMSjHgEj SKFDgKYy|
KEYQSKNFSCQ--------------- -EERDLFLEFTEfd Inin| ny|
GEgNVWSTTPSHGKGNCPSGSI------------ CLOHSgLKS ISSHLKI
PRQFGLINAFQVKQLHKVIPLVSQSTVVPgBLLKIffiYPBBEffiTAKRLI 'RISLSM
eSBfBtnlvklpq A K VRMNLTioKgHKRHjgRT,NgVS
swnBgrss mRHrgfksmbsRTOaBd
TEL3 TEL2
FRTAAHQVAGALNT TSPQRLMNTffIRLHB
FRTANQQVT DALN TSPPHLMdM rLhl
Jraavtpaagvcarekpggsvaapee----—----------- edtdprrivgM rqgqhS
TWRERKQKIENLINKTREEK SKYYEEHFSYTyIDNKCI
TWKNLKKSFLEDAAVSGELR GQVFRQgFEYQQDQ
TYQSLKSQVKQIVQSENKANQ Q- SCENLFNSs[|YDTEIgYKI
|11lgedalksgttsgssrrgkadklphgssssqtgkpkcpsveerklyc| nd
YIgTHDDEK M sYST.KPNI
PLgGTVLDLS HgSRQIPKE
YDILYAKFIGTSKCNFAN MSNKIEISffI
TELI
ACgGl RSSPGN
AcBcl RSSPGK
AC| RRSPGV
EFFYN] IQVETSA
[SFKCKD
FVDLKNQ
FARKELC
LGKRS
FISDIW
GRAHQI
TELI
4
NCVPAA Shrtr----------- E Fd FgYRK
DRVPAABhr I r----------- ER) Fd FgYRK
GCVPAASh r I r----------- ee FQl FgYRK
KHFY'YFGHEN----------- Lyl IQQKSYSj  SIYYRK
ENKKFFMNEN------------- EHjSFFKVIjKi KAKEY;]
KFTQKRKYI S DK--------- RijQ HKHKEGSQj
CMVNGHgLQSESIRSTQQMICTKIgS E qgggl In
NAKMCLSDFEKR--------- KCQ EgaYj lgfegTVI
FTKHNFgNL--------------- NQIAIcH sl STVT-j
SSKQDFHMTIFTLR----- TAFgKG;j SIVSSgl

Motif T



ham

Ba.
Ot.
Tt.
At.
Sp.
Sc.
Ca.

ham

Ba.
Ot.
Tt.
At.
Sp.

Ca.

ham

Ba.
Ot.
Tt.
At.
Sp.
Sc.
Ca.

ham

Ba.
Ot.
Tt.
At.
Sp.
Sc.
Ca.

[RHHFIERV S —
RQHfFIERV N [P
rghE rvq|

IADLNET (0] m——
DDIggON- |V P —
VKLEEEN- T —
SKAgDGYV_  DAfflA--------mmmmmm-

TSMKMEA- FEKgNgN --------------
veyfJSty1Sennvc--------m-m-mm---

“B grg XWPA?ICI
"HHQ JLAFICI
IARPASFILTSj
sSeewkk 9LGFAHG-
aJSiEcj IgnfaSg-R
LJPE—]| IfgkyBqggB

QN - SR— KK-LSj
nW md- tgkttHBpav
rn| ns-y| Isnfnhsl

b KYalBnt | FMTgFNNLVKMPSK I |R E ------------ ogflc g
Motif T M otif |
4 H
625 NFISY-1gGT  -FDKGgQAQH FTQC] YELT LGLN
621 hl sysl gt A-LGR | gaghftq INYERT LGMN
631 DYVYGA [T-FRRE RAERLTS YERA LGLD
523 ITFN IKgVNSD-RKTT LTTNTKLLNSHI  IKTLgNRMfl dpfgfavfny- d
628 kfn PNQVGKFQS ~TTNNKLQTAH]  KNiI| s KMFgHSFGFAVFNY-Dgl
543 JTFLfKDKQ BNI-KLNLNQILMDSQ K-DMLGQg---—- IgYAFDNKQI
614 MgvIDFSSSS |s SQ S H kdiql| epovffls® fdhd| fy
512 BrNiRgRFLI 4-GSNKI mivstnqgt LINEESSGjjP-FNL-EVY-M
450 1IMAIPCgGADEEE-FTIY ENHKNAIQPTQKI [EYL1--NEPTSFTKIYSPTQIADgI
426 ICVpil ekekBe- fery EVLSPVGQgLRgl -DTYESYRASVHSSSDVAEKIS
M otif 2
k1d-P. pg lafflEB  NMggHPDNS-gcgHQ
LD-QTI B fflj ] NMMgHSESTYCIRQY
QD-PP mupm a TEB  SIQgpQNTY-CVRRY
IQV--GQ E nrS_isteJKTTKLLS— SDgwgMT
Q I-NS SNgpcj* N FIQKSDLMD-KEHFjLN
INK— G I g Sisj NFFNQSDLIQDTY-gINKY
__ SQSGEL
568 LTFKKDL  RM------- FGRg
507 KEFK-Q "IFNN-VLf? PRMEQjRSKDAFffINE— NGgFgRS

484 DYRDSLLT jTiFARFGEI

RgsgPVAKENEELFENQDNK-TSYYV

M otif A

QR DRQ GQI
DSQ GQV
i AAH GHVI
RK NNI VIDS
IRK NNI IVE|
KRPLLQIQQTNNLNSAMEIEEEKIN;
714 CRgVCCG
620 KYATIHA----memememeee TS-
562 QYFFNTN
Y/ R =147 Yol oY W—

IR---QgSgLS— BLGPHMG----------
R---QgTgLS--BLIPYMG----------
IS—--H gsjL T— BLGPYMR---------
KK-- EffkDYgRQKFgKIALEGGQY
K L -pjKQYgRYKFiKIGIDGSSY
IMDNINFPYYIiNLKERQIAYS--LY

KgSNg N-—— KgLVSS— gKjjSNFS
------- DRATONg  S-—EAFgYg— gMVPFEK
"""" T--—- G-—--S1k1B—
SHKLgKVQT---TgDgQgHNLNI LSSS-

nvvnas



ham

Ba.
Ot.
Tt.
At.
Sp.

Ca.

ham

Ba.
Ot.
Tt.
At.
Sp.

Ca.

ham

Ba.
Ot.
Tt.
At.
Sp.
Sc.
Ca.

ham

Ba.
Ot.
Tt.
At.

Sp.
Sc.
Ca.

769
766
775
674
780
709
741
651
582
575

855
893
782
710
729

84

-QFgKHBQD--S-DTSAL SLSINEASgSI SnsM mgg-
-QFgKHgQD— S-DASAL Kisl nessS. irhSgj Hgd-
-QFQAHgQ---------- ETSPL SSSgNEASQG iCHHAB j|RG-
PTLFSvHe N— EQNDgNA KQRNYFK MICQYNYg FNG-
PTLFEIgED— EFNDgNM J eqrkkfp ICQNNYg FNK-
DDDDQi Bq KGFKEIQSDD MgDKPRCIT ISQYNB
-RFTSTGP---mommev YNALQI JKGENHRVR GamSknnl
—Vj|QL8s----------- | ktsd| gFVDYWTKSSQE] KEHgSGHI
R MPKPYEI krtShisng EMEgQFKTI
-RHISNCKS--mmmrmev LFfIDKT Ikgnil evcl GSVKDAMTMFBMT FCRGN
------- KLFAEffIQQ
------- KLFAEFfIQj
------- KLFAG]
------- SSLG SMNPEN----------—-—-PNV
------- NALQ jSMDPEK----------———-PE|I
emmm EYTQ P2 =0 )V \ [ ——— GSlI
RTLIYPFLEEAS] IVSSKECSREEELIIPTS
------- EYLS
[S— FYSE IKASPSQD-
jgVH-—— DCFQ gwgSKQD-
M otif B
PHLVI
PHLDg
PHLTHg
TQENg VSRgNgFKF
TEKNg IYQLSLGNFFKFHgK
DSQQg -LNLgVQ bncannnBfmfBdq
ITSRDg -ssHyhr FKiBNCFCTET
VNKKI -KKggNLSj FEKHNFSTSQE
kdqgql -INIKKL |g@FgkHnakal|Srd
gPDSDgVMTIFEDSNIYDQVHNI--LSGgILESg
M otif C M otif D
h I
DAGTjDGS—— APHQLPA GLLgD LCDYgGYARTSMKAgQLGFQRT
EPGT IGGA—— APYQLPA GLLjp FCDYgGYAQTSgKgjLgFQSV
EDEAgGGg—— AFVQMPA GLLjD JQSDYjgSYARTSg;IAgLjFN RG
JSPSKFAKYGMDSVEEQNIVQDYCDI  rljID JMPNINLRIEGIgC]LNLNMQT
ILQkBgcS-NTTQDIDSINDDgFH  GIB ID I QNIN | KKEGIgCgLNVNMQT
QFPQEDYNLE--------- HFKISVQNECQ  1*3ID IKSIQKQTQQEINQQINVAISI
EDKEEHRCSj — NRMFVGDNGVPFV  GLLIjN |QVDYSRYLSGHOsS|FjVAWQ
ENSNGIQnnS - FFNESjgkRMP  GLLIB ITLLACPKI DEALPNgg-gVELT
SQSDhD DTP IHif khsltmnnfh0 r------------
QTTT | SID k= tad GHKRNSGSISLVTTN-oreeeeeeeeee
M otif E M otif F



ham

Ea.
Ot.
Tt.
At.
Sp.
Sc.
Ca.

ham

Ba.
Ot.
Tt.
At.
Sp.
Sc.
Ca.

ham

Ea.
Ot.
Tt.
At.
Sp.
Sc.
Ca.

ham

Ea.
Ot.
Tt.
At.
Sp.

Ca.

960
957
964
880
985
910
951
835
746
764

1017
1014
1021
936
1041
969
1008
886
803
821

1070
1064
1074
981
1086
1029
1061
937
843
859

1109
1103
1113
1023
1128
1089
1098

878

85

KKFdL
KIFIIL

KIfILL.

KL

KL

-SIVKNIIEcCigSAFKDIs
-SILRgVLREQ|TKFTs|v

M otif F

INAGITLKAKG-ASGSFPE

aNPGIiTLKA-——- SGSFPI

J nAgl s LGAKG-AAGPLPSg

FFKYQCN IK----DTIFGE

ISFFKY gCN VK-----SPVFEE
LKKSKQYSVQYGKENTNENFLKD iLYYTVEDVCKffICYLQFEDEINSNIE FKNLYSWI

R— fwHIhpgtlfkfHlisvry IRRTOTGSSFRPVLKLYKjj 1gG -——-
YLK-RMBi FI PQRMLNIDILNVI IGRKgWKgLAEA]GY TS---—-RRFLSSf KM =remmmemev
inv-tgnmqgfhsflg:qgiel tv--——- SGCPITK - CDPLIEIf | t--
KYDTEfjCY--------- KFOKFLYDISNOTg' VKYQGETN------ S DWEGAE
C Yj GgSVv EAQKQLCRKLPR--—-- ATII
C Y Isvi EAQKLLCRKLPE--—-- ATg
C h! |TRj|RVT] EAQTQLSRKLPG-—— TTg
—  YPDFFLST-— EIFSTgKYI ---AKEAKLKSDQ-—-C
-------- YQQFFIYS—mmmmm- ITIFKQQKNEI ---AKEKKLEVAK---
MWDIIVSYLKKKKQFKGY]| bB rksRF  KEGCKSLQLILSQQKYQLNKKELE
b VHKKjgNs: [SALS KHSLSQQ--------- LSS
--------------- FCLGMRDG—| KPSF-HYHPCFEQLIYQFQSj IDLIK - PLRPVLRQVg
1 NESN|SSNTSKgKDN]|i:  "KEI QHLQAY! Y-rmmmeemmmavm-
Cl KQIpVKEESSGE SYSElj sew v qtlni-----mm-mmmmmmmmmmmeee
\ M otif G
AlIETAADPALSTDFQTILD --mmmmemmmmmene-
TIgKAAADPALSTDFQTILD-—-mmmemmmeemmmmv
TAGEAAANPALPSDFKTILD —-mmmemmmmemmmmv
QSgIQYDA
EFQIQ
efBdInnligdiktlipkisaksnggntn
-EgKYATDRSNSSSLWKLNY ---emremmmmmennae
---------- FLHRRIAD
IYgHIVN



3 1762 10337675 0O




